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PREFACE 

This report documents the work done on NASA MSFC Contract NAS8-39944. The Contracting 
Officer Technical Representative was Roger J. Harwell, PT21. The work was conducted as a joint 
effort between McDonnell Douglas Aerospace-Huntsville and Marshall Space Flight Center, for 
which MSFC provided facilities and conducted motor firing tests, and for which MDA-HSV made 
fuel mixes, fabricated fuel grains, loaded and unloaded the labscale motor, analyzed data, and 
provided overall program management Thiokol Corporation supported the effort in a 
subcontractor role, furnishing miscellaneous hardware for the 1 1-inch motor firing tests as well as 
assembling and disassembling the 1 1-inch motors. 

MDA-HSV would like to express appreciation to NASA personnel as follows: to M. L. Semmel 
for coordinating use of M & P Laboratory facilities, to J. R. Cook and W. D. Cruit for 
coordinating use of Propulsion Laboratory facilities, to R. C. Cooper and C. H. Lee for 
conducting motor test firings and supplying results, and to J. T. Wiley for assisting with data 
acquisition during motor firings and for supplying results. MDA-HSV would also like to thank J. 
R. Ringgold of Thiokol Corporation for coordinating the Thiokol effort. 

The MDA-HSV team consisted of K. P. Bruce, D. L. Dean, J. J. Pope, and E. M. Snell. 

The ingredients in fuel formulations Approach 1 through Approach 4 were previously examined by 
MDA-HSV on IRAD, and MDA has retained patent rights to these formulations. Two patent 
disclosures have been filed based on a combination of the IRAD and the contracted efforts. 
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Fuel Grains Ready for Loading First 1 1 -Inch Motor Firing 

McDonnell Douglas Aerospace is a provider of launch services furnishing access to space primarily 
via the Delta Launch System. In that role, MDA conducts IRAD programs to improve quality and 
reduce costs in order to increase the competitiveness of the US launch industry in the global 
economy. Hybrid rocket propulsion-derived from a solid fuel burned with a liquid or gaseous 
oxidizer— has the potential to be safer, more flexible, less expensive, and cleaner (compared to 
solids) as no energetic materials are involved, it can be throttled, stopped, and restarted, the fuel 
can be formulated from inexpensive materials already in volume production, and no HC1 is formed 
during operation. In 1993 MDA recognized this potential and initiated an IRAD program to 
advance fuel technology. 

Under the MDA IRAD program thirty-nine hybrid rocket motor test firings at the University of 
Arkansas at Little Rock during the '93-’94 academic year enabled MDA-HSV to demonstrate 
higher fuel performance via advanced, nitrogen containing, clean burning, environmentally 
friendly fuel formulations. This one year MSFC contract, valued at $244K, was to follow up on 
and extend the IRAD results. 

The significance of this work was recognized by presentation of the AIAA Hermann Oberth Award 
for outstanding individual scientific achievement to David Dean, the project manager. Two patent 
disclosures have been submitted, as has AIAA paper No. 95-3080. Abstracts for additional papers 
have been submitted. 

The primary objective of this program was to develop an improved hybrid fuel. The approach was 
to follow up on IRAD leads, obtain additional quantitative results in labscale motor firings, fine 
tune formulations, and then validate performance in a 2500 lbf scale, 1 1-inch diameter motor. The 
program was conducted at an accelerated pace with all objectives being met within nine months. 

Seventy-five labscale motor firings were conducted during screening of thirty-five different 
candidate fuels. The tests showed that a combination of nitrogen containing additives gave the best 
combination of increased density and regression rate, reduced oxidizer requirement, smooth 
combustion, and minimal variation in axial regression rate, while achieving the desired exponent 
In all cases, the cost of raw materials was approximately $l/lb. (See Appendix A.) 
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The 1 1-inch motor was then fired twice to validate performance of the advanced fuel, using fuel 
segments weighing 70 lbs (4 in. port) and 78 lbs (3 in. port). It was fired at low and high oxidizer 
mass fluxes (0.155 and 0.546 lb/(sec sq in.), respectively) to demonstrate operation over a range 
of conditions. The calculated thrust in the second (three segment) test was just over 2500 lbf with 
a propellant flow of 1 1.0 lb/sec. The highlights were (1) good ignition followed by smooth 
operation (very minimal pressure oscillations) with a clean, smokeless flame which extinguished 
quickly on oxygen cut-off with no afterburning, (2) substantial reduction in amount of oxygen 
required for high efficiency combustion compared to straight hydrocarbons with successful tests at 
oxygen- to- fuel (O/F) ratios respectively of 1.5 and 1.75, (3) enhanced regression rates of 2.0 and 
1.47 times that of the baseline MSFC Government/Industry Team formulation (CSD's UTF- 
29901) accompanied with a 15% increase in fuel density (meaning increases in fuel mass flow 
rates were 2.3X and 1.69X respectively), and (4) a more uniform axial regression rate with the aft 
grain losing only 16% more fuel than the head end grain in the three segment 1 1 inch motor test. 

These results will enable design of an environmentally clean, higher performance, lower cost 
hybrid propulsion system since the higher density, higher regression rate, reduced pressure 
oscillation fuel will enable use of a smaller, lighter motor case (through a reduction in port volume 
and a lighter case designed for lower maximum pressure), and the lower oxidizer requirement will 
enable use of a smaller, lighter oxygen storage and delivery system. The lightening of the 
propulsion system hardware will reduce inert weight and ultimately cost. 

In the second phase of the program, twenty fuel slabs were fabricated and shipped to Professor K. 
Kuo at the Pennsylvania State University for additional testing and characterization under a 
complementary MSFC hybrid propulsion contract 

RECOMMENDATION 

Development of the fuel formulated here should be continued at an accelerated rate so that it will be 
available as a credible option for hybrid launch vehicle boosters, sounding rockets, and upper 
stages currently under consideration. The high performance and low cost will assist in malting 
hybrid propulsion a competitive alternative to solid boosters. Test firings under a wider variety of 
conditions are needed to assist in definition of additional benefits. There is also a need for 
additional mix/cast process development to establish a process for volume production. Finally, the 
contributions of a number of fuel and motor operation parameters need to be better quantified as 
this short study was able to examine only the primary fuel formulation variables; the emphasis 
being on organic additives. Additional variables for optimization include heat transfer to the fuel 
surface via radiation, either from additives such as carbon black or aluminum, or from char 
generated during motor operation, as well as pressure effects, since radiation heat transfer and 
combustion efficiency are functions of pressure. 
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Section 1 
OBJECTIVE 

The objective of this program was to develop an improved hybrid fuel with higher regression 
rate, a regression rate expression exponent close to 0.5, lower cost, and higher density. The 
approach was to formulate candidate fuels based on promising concepts, perform thermochemical 
analyses to select the most promising candidates, develop laboratory processes to fabricate fuel 
grains as needed, fabricate fuel grains and test in a small, labscale motors, select the best 
candidate, and then scale up and validate performance in a 2500 lbf scale, 1 1 -inch diameter motor. 
This was to be performed in a short period in order that the results could be used on the rest of 
the program which consisted of testing in larger scale motors, that is, 1 1-inch and larger. 

A second effort consisted of fabricating twenty fuel slabs for testing by Professor Ken Kuo and 
his group at the Pennsylvania State University on a complementary NASA MSFC contract. 
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OVERVIEW 


Section 2 


Introduction 

MDA-HSV has participated in hybrid propulsion development at MSFC since 1991 when we 
designed tooling and equipment and oversaw its installation in MSFC Building 4767. This 
facility enables fabrication of hybrid fuel grains for both labscale and subscale (1 1 -inch) motors 
on-site at MSFC. In 1993, MDA-HSV recognized the need to advance fuel technology for 
hybrid propulsion, to improve density, regression rate, and oxidizer-to-fuel ratios, while 
decreasing costs. During 1993, MDA-HSV initiated a fuel development ERAD program for this 
purpose, based on replacing the polymeric hydrocarbon filler in the baseline fuel. Chemical 
Systems Division of United Technologies formulation UTF-29901, which is used by the 
Govemment/Industry Team on the Joint IRAD Program at MSFC. 

The new fuels exhibited dramatically improved performance— via increased density, increased 
regression rate, increased fuel mass flow, and reduced oxidizer-to-fuel (O/F) ratios, accompanied 
by reduced cost of raw materials. MDA-HSV conducted 39 hybrid rocket motor firings on 
IRAD to evaluate variations in improved hybrid rocket fuels during 1993 and 1994. The 
approach was based on using higher molecular weight, solid analogs of unsymmetrical dimethyl 
hydrazine (UDMH), a proven, high performance, liquid rocket fuel. Amines were used to 
replace a hydrocarbon filler in the fuel formulation currently baselined at MSFC. The 
improvements enable higher system performance via decreased inert case weight for fuel and 
oxidizer as well as decreased weight of oxidizer tankage and feed system. 

Subsequent IRAD test series demonstrated processing of filler at up to 70% loading (baseline G/I 
Team formulation is 60%) and demonstrated the use of coadditives to tailor the exponent in the 
regression rate equation. An increase in the filler content further increases density, regression 
rate, and mass flow, as well as further lowering oxidizer requirements and raw materials cost. 
Ability to tailor the regression rate exponent enables greater design flexibility in optimizing the 
fuel for specific missions and/or different motor geometries and/or different oxidizers. 


Summary of This Program 

This fast paced MSFC program was initiated in June of 1994 to fine tune the use of amines, and 
to test some additional additives. A systematic scientific approach was pursued in which 
additives were chosen for their ability to affect a number of parameters relating to the hybrid 
rocket motor combustion process, especially heat of vaporization, activation energy of 
pyrolysis/vaporization, and radiative heat transfer. 


3 - 


\ Tr* 


‘fin k t 


ui.y 


3 


WiECEDING PAGE BLANK NOT FILMED 


%‘S 



MDC 95W5102 


A 55% increase in fuel mass flow rate was obtained from the selected formulation based on 
evaluation of over thirty different formulations in seventy five labscale motor firings. This was 
accompanied by a reduction in the optimum O/F ratio from 2.2 (representing the baseline G/I 
formulation) to 1 .6 (calculated) or 1 .5 (motor test conditions) along with a 1 5% increase in the 
fuel's density. The selected formulation burned especially cleanly and evenly. Fuel grains looked 
as dean after some firings as they had before being fired, the main difference being a larger bore. 

Measured performance was further increased when the fuel was tested in the 1 1-inch motor. The 
fabrication process was scaled up in November 1994, and four fuel grains weighing over seventy 
pounds each were made for 1 1 -inch motor testing. These were fired in mid January 1995 in 
different motor configurations. The first contained only one segment and was designed to 
examine a low oxidizer mass flux (OMF), namely 0. 15 lb/(sec sq in.), in combination with a low 
O/F ratio. The test met all objectives, demonstrating high combustion efficiency (98 to 99%) at 
an O/F of 1 .5, accompanied by a regression rate more than twice that of the baseline G/I team all 
hydrocarbon formulation, and smooth combustion with less than 10 psi pressure fluctuations 
compared to the chamber pressure which ranged between 600 and 920 psi. The plume showed 
Mach diamonds, a condition usually associated with complete combustion of the fuel. The 
absence of any visible smoke plus calculations showing high combustion efficiency were 
consistent with virtually complete combustion. The flame terminated quickly and cleanly when 
the oxygen flow was shut off. During the nitrogen purge after oxygen shut off, a small amount of 
white smoke could be seen. 

The second 1 1-inch motor test conclusively validated higher performance. It was conducted a 
week after the first 1 1-inch motor test on a three segment, 10-foot long motor at a higher OMF of 
0.55 lb/(sec sq in.). The total propellant flow rate was 1 1 .0 Ibs/sec with an O/F ratio of 1.75, 
developing over 2500 lbs of thrust. The fuel mass flow rate was 70% higher than the baseline G/I 
team all hydrocarbon formulation. It burned very smoothly with only 10 psi chamber pressure 
fluctuations compared to the chamber pressure which ranged between 430 and 480 psi. The 
regression rate was higher than the early labscale motor results, but was in agreement with 
labscale motor firing results on this particular mix. (Differences are attributed to changes in the 
binder.) The appearance of a smokeless, clean yellow flame was consistent with the calculated 
combustion efficiency of 95%. Oxygen cut off resulted in immediate cessation of the flame, 
followed by emergence of white smoke. There was no afterburning once the oxygen was shut off. 

Examination of the fuel grains after the firing indicated very uniform surfaces, with no residual 
char. Weight losses in the three segments varied only 16%, with the head end segment losing the 
least. This is a significantly lower axial variation than that reported for the G/I team hydrocarbon 
based fuel which exhibited a segment weight loss variation on the order of 60% for firings at a 
similar OMF. The more even axial regression enables efficient operation over a wider range of 
OMF values and generates more uniform thrust throughout motor operation. 
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Ten labscale motor firings were conducted after the 1 1-inch motor tests to obtain additional data. 
The program total was 87 motor firings examining 35 different formulations. Several of these 
formulations exhibited significant increases in fuel performance. Each has different advantages. 

Conclusions 

The results show that the characteristics of a high performance fuel have been verified in 1 1-inch 
motor testing. The advanced fuel exhibits a 15% increase in density over an all hydrocarbon 
formulation accompanied by a 50% increase in regression rate (which when multiplied by the 
increase in density yields a 70% increase in fuel mass flow rate); has a significantly lower O/F 
ratio requirement at 1.5; has a significantly decreased axial regression rate variation making for 
more uniform propellant flow throughout motor operation; is very clean burning; extinguishes 
cleanly and quickly; and bums with a high combustion efficiency. These characteristics allow for 
increases in system performance via an increase in fuel mass fraction through decreased inert 
component weight. 

Minimal pressure fluctuations will enable a case design with a minimal additional strength and 
weight to accommodate pressure oscillations about the mean. A reduced oxidizer requirement 
will enable a reduction in oxidizer tank weight, in pressurant weight or pump weight, in oxidizer 
delivery pipe size, and in the size and weight of associated valves. (There will have to be an 
increase in fuel weight to maintain the same total propellant mass.) The increase in regression 
rate will enable the fuel grain to have a thicker web and/or fewer ports. This will generally 
increase the average density of the motor and reduce the formation of pieces of fuel between 
ports at fuel burnout which can tear off in large chunks and cause either nozzle obstruction or 
other uneven conditions near the end of bum. 

These tests have shown start up and shut down capability in addition to operating 
characteristics. The regression rate in the three segment motor was essentially the same as that in 
the labscale motor for the same mix. This is consistent with what has been reported previously 
for hybrid motors, namely that there are no major scaling factors, enabling meaningful design and 
analysis of large motors based on the data generated in this work. The higher regression rate 
appears to be due to a combination of lower heat of vaporization, formation of particulate char 
which can contribute to increased heat transfer to the surface via increased black body radiation, 
and lower energy of activation via replacement of polymer pyrolysis with simple vaporization, 
supporting the soundness of the basic approach. The results of this work have been 
disseminated in an AIAA paper. 1 


Recommendations 

In order to continue development of the improved fuel formulation demonstrated here, additional 
work will be required in several areas as described below. 


5 



MDC 95W5102 


Additional 1 1-inch motor tests over a range of OMF values would enable better definition of the 
relationship between OMF and a number of associated parameters such as axial regression rates, 
absolute regression rates, and pressure. This would require a minimum of three to four 1 1 -inch 
motor tests. By using an oxidizer flow of around 5.0 Ib/sec, information can be obtained on lower 
OMF values and higher pressures (by using a smaller nozzle) while staying above an O/F of 1.45. 

As a lower O/F ratio is one of the advantages of this fuel, a series of a minimum of three to five 
1 1-inch motor tests would enable definition of performance at O/F ratios between 1 .3 and 1.5. 
Good performance in this O/F range will provide additional system benefits. 

Tests in the 24-inch motor would assist in definition of scale up factors and/or develop 
performance characteristics using liquid oxygen as opposed to gaseous oxygen as the oxidizer. 
Three to five 24-inch motor tests should establish baseline performance. 

In order to develop a process to fabricate larger grains, it would be necessary to conduct some 
processing tests to define a continuous process. This would require acquisition of some 
miscellaneous hardware, equipment rental, assembly, testing, and would culminate in casting of 
grains for the 24-inch motor. This would be a three to six month effort and would demonstrate a 
process with a throughput rate of at least 100 Ib/hr. A low cost facility could be constructed at 
MSFC. 

Since some promising leads were identified, but the initial effort was too short to enable follow 
up, additional fuel tests could be conducted to further optimize the levels of carbon black and 
melamine. Varying levels of carbon black will generate data to assist in defining effects of 
radiation, since carbon black radiates. This is projected to be a moderate level activity extending 
about six months in order to analyze results of ongoing testing and to build on those tests. 

In addition, routes to enhance the storage stability of the of the fuel need to be investigated. It is 
anticipated that surface coatings would considerably lengthen the storage life. These would need 
to be applied and weight loss examined over time. 

Continuation of approximately one year of effort on this activity shows promise of generating a 
quantitative/comprehensive data base for use in a comprehensive trade study between this new 
fuel and die one currently baselined for use in hybrid propulsion systems. 
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Section 3 

BACKGROUND ON HYBRID FUEL TECHNOLOGY 

Hybrid propulsion is not a mature technology from either a system or a component aspect, and 
important technologies are being developed in response to recognition of shortfalls— as they are 
identified— in order to make the technology more cost effective and more reliable. A relatively 
little examined technology to date has been fuel formulation. System characteristics or hybrid 
rocket motor operating parameters that can be optimized or improved via special characteristics 
in the fuel include but are not limited to the following, which will be discussed in additional detail: 

• density 

• ballistic performance in terms of specific impulse 

• minimizing the amount of oxidizer that must be used 

• fuel regression rate 

• uniformity of fuel regression rate axially down the length of the grain 

• maintaining a reasonably constant oxidizer to fuel ratio throughout the bum 

• combustion stability/pressure oscillations 

• fuel mechanical properties 

Density 

Density is important because denser fuels can be carried in smaller, lighter weight structures, 
decreasing inert vehicle weight. Modem class 1.3 solid propellants are based on a combination of 
fuel (usually powdered aluminum, density 2.7 g/cc) and oxidizer (usually ammonium perchlorate, 
density 1.95 g/cc) held together by an elastomeric binder system. Net densities are around 1.84 
g/cc. The binder system utilizes crosslinked hydroxyl terminated polybutadiene (HTPB) to hold 
the solid fillers. Crosslinked HTPB is used because 1) it is elastomeric after being crosslinked, 2) 
it is easily crosslinked with difunctional or multifunctional isocyanates and even highly loaded, 
yields products with good mechanical and aging properties, 3) it has been found to process well, 
and 4) it yields more energy than many alternatives on being burned. The cured HTPB binder 
system has a density of around 0.92 to 0.94 g/cc. Due to availability and experience, crosslinked 
HTPB is thus a logical choice of a binder for hybrid fuels. 

The filler most widely used in current hybrid rocket fuel is a hydrocarbon (Escorez 5320) with a 
density of around 1 .05 g/cc. The density of the hybrid fuel (filled HTPB) is about 1 .0 g/cc. If 
the density of the filler and consequently the fuel can be increased, the size of the motor can be 
reduced (for a given mass of fuel), the weight of the inert structures can be reduced, and the fuel 
mass fraction of the system can be increased. As noted in the previous paragraph, solid class 1 .3 
propellants have densities of around 1.8 g/cc. Liquid propellant systems utilize liquid fuels with 
lower densities of around 0.7 g/cc (RP-1, kerosene) combined with liquid oxidizers with densities 
around 1.13 g/cc (cryogenic oxygen) to produce a weighted average density of around 1.0 g/cc. 
Hybrid fuels can be formulated with aluminum as a filler to increase the density. However, one 
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goal of this program was a non-aluminized hybrid fuel which is safer to produce, safer to use, and 
combusts cleanly without producing smoke, while exhibiting a significandy higher density than 
l.Og/cc. 

Ballistic Performance 

It is important to maintain good ballistic performance in terms of specific impulse, since thrust is 
the product of mass flow through the nozzle and specific impulse. Specific impulse moves 
toward maximum when the molecular weight of the species produced during combustion is low 
and the heat of formation of the fuel is high. In selecting alternative fillers, heat of combustion 
was a consideration as was nitrogen content, since nitrogen has two advantages. The first is that 
it can be expelled as a relatively low molecular weight gas (N 2 ), molecular weight 28, compared to 
caibon monoxide (CO), also molecular weight 28, or carbon dioxide, (CO 2 ), molecular weight 44. 
The second is that the expelled nitrogen gas does not acquire any atoms from the oxidizer, thus 
reducing the oxidizer requirement. Simply put, the higher the nitrogen content, the lower the 
oxidizer requirement. However, this also decreases the total heat output, since formation of 
oxides such as water and carbon dioxide releases much more heat than does formation of nitrogen. 
Selecting the optimum combination is not simple, but requires systems analysis, since 
performance lost in utilizing a less than maximum specific impulse fuel will be offset by 
reductions in hardware weight enabled by the lower oxidizer requirement. 

Oxidizer Requirements 

One advantage of hybrid propulsion is that it has fewer moving parts, as only the oxidizer needs 
to be moved during operation. It follows that the less oxidizer that is required, the less inert 
weight required to store and move it as the tank can be smaller, the lines can be smaller, and the 
power requirement to move the oxidizer is smaller. In liquid engines, both the fuel and oxidizer 
are normally moved to the combustion chamber by turbopumps, expensive pieces of equipment. 
In order to decrease the cost and simplify the system, recent development work has concentrated 
on using pressure to move the oxidizer. This requires a gas at a higher pressure to push the 
oxidizer to the combustion chamber. This in turn requires a pressure tank for the oxidizer oxygen 
capable of withstanding approximately 1000 psi, if the motor is designed to operate around 500 
psi. Thus a significant reduction in weight of oxidizer enables a significant weight savings in that 
pressure tank and associated system. 

Regression Rate 

Regression rate is a limiting factor in grain design. The goal is to bum through a fuel grain in a 
given amount of time. A low regression rate means that a thin grain will be required. This 
requires either a long single port grain or a multiport grain. One definite advantage of a higher 
regression rate fuel is that the motor will require less volume, since the thin grain (necessitated by 
a low regression rate) plus port(s) result in an increase in the overall volume, and a decrease in the 
net density. More volume means more inert weight and a lower fuel mass fraction. More ports 
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also means more slivers between ports as the fuel is burned up. These represent pieces of 
unbumed fuel which can potentially separate as large fragments and block the nozzle, or damage 
the nozzle as they are blown past, meaning that somehow this problem must either be overcome, 
or significant sliver must be left. If the approach is to leave slivers, a higher regression rate fuel 
will leave fewer slivers and consequently be more efficient. Thus an increase in the regression 
rate enables a higher net density fuel grain design, as well as more flexibility in grain design. 

Axial Regression Rates and Oxygen to Fuel Ratios 

Hybrid motors exhibit uneven regression in the axial direction. At the higher oxidizer mass fluxes 
where motors would most likely operate, the aft end regresses significantly faster than the head 
end. In one 1 1-inch, three segment motor firing on the Govemment/Industry Team JIRAD 
program, the aft end segment lost 79% more weight than the head end segment. 2 This leads to 
two concerns. The first is that if the aft end bums out sooner, it will need additional insulation to 
protect the case while the fuel further forward continues to bum. The second is that it is difficult 
to control the O/F ratio and predict the thrust when the regression rate is highly variable, as both 
the mass flow and the characteristic velocity will be changing during motor operation. At a 
constant oxygen flow, if extra fuel is initially lost per unit time, the O/F ratio will be decreased. 

If later on, less fuel is lost per unit time, especially after the aft end has burned out, the O/F ratio 
will be increased. Thus a more even axial regression performance will enable better control and 
reduce the need for additional insulation. 

Combustion Stability 

A major concern in hybrid motor operation is combustion stability. Combustion instability is 
characterized by pressure oscillations. Combustion stability is a complex aspect of rocket motor 
operation that is not completely understood. All rocket motors exhibit some pressure 
oscillations, whether they are solid, liquid, or hybrid. It is known that there are a number of 
factors which influence pressure oscillation, including motor geometry, fuel formulations, and 
flow rates. It was postulated by Netzer in 1972 that the driving mechanism for sub-acoustic 
pressure irregularities in hybrid rocket motors is some type of flow-combustion turbulence 
interaction along the surface of the fuel. 3 Studies conducted by Strand, et al, which were 
published in 1994 support the postulate. 4 Hybrid motor pressure traces obtained in the MSFC 
Govemment/Industry Team JIRAD program show pressure spikes on the order of 100 to 200 
psi, and occasionally the chamber pressure shows a jump accompanied by a regression rate 
increase. 2 Thus there is a need to understand and be able to control these pressure spikes, in 
order to be able to design a minimum weight pressure vessel with an adequate margin of safety. 

It appears that there are contributions to pressure oscillations from both the motor geometry and 
from the fuel, and thus there is an opportunity to tailor the fuel for improved combustion 
stability. 
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Mechanical Properties 

Fuel mechanical properties are very critical in solid propellants because cracks increase the 
surface area. Increased surface area during motor operation increases the volume of gas produced, 
which increases the chamber pressure. Since the rate of gas production rises with rising pressure, 
increased pressure increases the rate in a positive feedback loop which can rapidly lead to motor 
overpressunzation. In contrast, the regression rate in hybrid motors utilizing organic fuels has 
been found to be essentially independent of pressure. Thus there is no positive feedback loop, 
and a much decreased operational sensitivity to cracks in the grain. Additional surface area from 
cntcks does yield additional fuel during motor operation, and oxidation does increase chamber 
pressure. However, the oxidizer flow rate limits the total amount of gas molecules that can be 
produced per unit time, and as the O/F ratio decreases, the product ratio and heat output change. 
Experience to date indicates that overpressure conditions can be detected and the oxidizer flow 
terminated prior to onset of destructive overpressurization. 

Mechanical properties are still important as any case-bonded solid fuel has a certain amount of 
induced strain due to thermal variations in storage conditions, and good strain capability is still 
needed to avoid tearing or cracking of the grain during storage. In addition, a multiport grain must 
avoid tearing as the ports bum together. 
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Section 4 

SELECTION OF CANDIDATE FILLERS 

In seeking denser fillers, it was noted that the incorporation of heteroatoms (nitrogen, oxygen, 
sulfur, or phosphorus, etc.) in an organic compound generally correlates with higher density than 
the corresponding hydrocarbon. Accordingly nitrogen compounds were most actively examined 
as an extension of hydrazine fuel technology, and a list of desirable attributes was compiled. In 
addition to high density, these included 1) a heat of formation close to zero or above zero, 2) 
commercially available and made in quantity to keep costs low, 3) non energetic to minimize 
hazard, and 4) a melting point well above 150°F. Based on known fuels, it was assumed that 
higher molecular weight analogs of unsymmetrical dimethylhydrazine (UDMH) would be 
advantageous, as it is a well characterized liquid fuel with high performance. The net chemical 
formula for UDMH is C 2 H g N 2 . It has the same number of carbon and nitrogen atoms plus four 
times as many hydrogen atoms. 

Specific Materials 

A higher molecular weight homolog of UDMH would have fewer hydrogens. A compound of 
this type is hexamethylenetetramine, C$Hi 2 N 4 , also known as hexamine. This material has the 
adamantane structure with the bridgehead positions occupied by nitrogen atoms. It is a white 
crystalline material, with a melting point variously reported as 265°C or 285-295°C, where it 
sublimes rather than simply melts. The molecular weight is 140.19, the heat of formation is 
+124.1 kJ/mol for the condensed form. 5 The number is positive as shown. The density has been 
measured as 1 .33 g/cc, 6 although one manufacturer of a commercial grade indicates 1.27 g/cc. This 
compound is used in adhesive formulations and is made by several companies. It is sold in 
different particle sizes which can be used directly without requiring grinding. Cost quotes 
obtained in 1994 ranged from about $ 1.29/lb for small quantities, to about $0.50/lb in large 
quantities. 

Hexamine has been examined as an ingredient of hybrid fuels in the past and was named in a 
German patent in 1964, and by the same company in a US patent application in 1965, which was 
finally issued on June 3, 1980 as US Patent 4,206,006 to Ratz, assigned to Dynamit Nobel 
Aktiengesellschaft, Federal Republic of Germany. This patent claims hexamine is a catalyst. 
Although regression rates are higher when this material is a part of the formulation, it is not a 
catalyst by the classical chemical definition. In keeping with the philosophy that the material is a 
catalyst, the Ratz patent claims loadings of less than or equal to 50% hexamine. 

A review of substances with favorable heats of formation revealed dicyandiamide, QH4N4, heat 
of formation +8.49 kcal/100g, melting point 21 1°C, density 1.4 g/cc. This compound is also 
known as 1-cyanoguanidine. Cost is just over $l/lb. It is used as a curative for epoxies, and 
samples were obtained from two different manufacturers. 
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Another substance is acrylonitrile, C3H3N, heat of formation of +68.2 kcal/lOOg. Although 
acrylonitrile itself is a liquid, it polymerizes to a solid which has several commercial uses and is 
manufactured in quantity by several companies who use it as an intermediate in making (PAN) 
fibers. An inquiry suggested that it should be available for around Sl/lb, although at this point in 
time all PAN is used internally as an intermediate and none is offered commercially. 
Consequently, a research sample was obtained from Aldrich Chemical. 

Another commercially available, inexpensive amine is melamine, CjH^, which costs around 
$0.60/lb. It is widely used in the plastics industry. Advantages include a density of 1 .57 g/cc 
and pyrolysis to cyanamide or dicyanamide, although it is also known to pyrolize to a char Its 
heat of formation is -17.13 kcal/mol, or -13.595 kcal/lOOg. It is sold as a fine powder which can 
be used directly without requiring grinding. 

The filler used in the NASA MSFC Govemment/Industry Team JIRAD formulation is Escorez 
5320, made by Exxon. It is a saturated aliphatic hydrocarbon, apparently a fairly low molecular 
weight polymer of cyclopentadiene which has been hydrogenated. Cost is over Sl/lb, with no 
discounts for quantity. The density listed by Exxon ranges between 1.0 and 1.05 g/cc. The heat 
of formation is -3 1 .4 kcal/lOOg, for a formula of C 7319 H n 059 . It is listed as having a softening 
point of 122°C. 


Exxon also offers another Escorez line, the 7000 series. These are aromatic hydrocarbons with 
slightly higher densities, averaging 1.05 g/cc, and presumably higher heats of formation. A 
sample of Escorez 73 12 was obtained. The cost is significantly lower than the 5000 series. Both 
Escorez materials are sold as pellets which need to be ground for use as fillers in hybrid fuel. 

These were the organic fillers selected for evaluation on the program: four nitrogen compounds 
and two hydrocarbons. Hexamine was chosen as an aliphatic amine with an ability to vaporize 
cleanly, with a favorable heat of formation and a low cost. Dicyanamide was acquired for its 
positive heat of formation and ready availability. Polyacrylonitrile was selected for its positive 
heat of formation and known exothermicity on pyrolysis. Melamine was picked as an aromatic 
amine that was inexpensive and dense. Escorez 5300 was chosen as an already widely used 

hybrid fuel filler, and Escorez 73 12 was obtained as an alternative aromatic hydrocarbon with 
higher density and lower cost. 

MDA-HSV IRAD Performed in 1993 and 1994 

This effort builds on IRAD work conducted by McDonnell Douglas Aerospace-Huntsville 
during 1993 and 1994. During that time, samples of all of these materials were obtained, and 
most were made into fuel grains and tested in motor firings at the University of Arkansas at Little 
Rock. In this work, it was shown that 70% loadings of hexamine could be processed into fuel 
grains. 
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The MDA-HSV IRAD work showed that hexamine enhanced regression rates at loadings up to 
about 50% in crosslinked HTPB. The exponent in the basic regression rate expression for HTPB 
appeared to be unaffected by these low hexamine loadings. At higher loadings with hexamine as 
the only additive, the regression rate was found to decrease, and the regression rate expression 
exponent appeared to change. As a result, other additives were examined in combination with 
hexamine. The results were generally favorable. That is, fuel grains containing combinations of 
additives exhibited enhanced regression rates and exponents which could be tailored by using 
different ratios of the additives. In addition, inclusion of substantial loadings of hexamine 
decreased the amplitude of pressure oscillations during motor operation compared to unfilled, 
crosslinked HTPB. The IRAD program consisted of screening efforts and primarily identified 
promising leads. 

Designations Assigned to Fillers 

For simplification in tables the following will be used in this report: 

A or additive A is hexamine 

B or additive B is Escorez 5320 

C or additive C is Escorez 7312 

D or additive D is melamine 

E or additive E is polyacrylonitrile 

CB1 or additive CB1 is El ft ex 12, a carbon black 

CB2 or additive CB2 is Thermax N-991, also a carbon black 


Nomenclature in This Report 

The terms composition or formulation are used interchangeably when referring to fuels with 
different make-ups. Composition is an after-the-fact description; whereas formulation is derived 
from the word formula or a before-the-fact list of the ingredients to be mixed together. 
Formulating refers to the act of deciding which ingredients to include and how much of each to 
use. Composition can refer to the atomic make up as well as the ingredients. Another term- 
derived from the process of converting raw materials into fuel— is "mix." This word will also be 
used synonymously with formulation and composition. In this effort, the first formulation 
examined was called Mix A. All compositions examined are listed in Appendix A. As noted in 
Appendix A, Mixes A through F did not produce quality fuel grains, and thus are not referred to 
in motor test results. The primary reason was moisture in the raw materials which destroys 
curative, and the early mixes did not cure satisfactorily. As noted in the Processing Section, in 
order to produce quality fuel, it was necessary to dry the ingredients and to vacuum mix. 

The different ingredients were selected for different reasons, and thus fell into groups based on 
the reason for their selection. These groups were designated approaches. Letter designation of 
mixes was made chronologically, while different approaches were investigated simultaneously. 
As a result, the only relationship indicated by the letter names is that mixes with letters further 
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along in the alphabet were made later in time, and the letter designations within an approach will 
appear to be unrelated. However, the letter designation system evolved as the program 
progressed. Once all twenty six letters of the alphabet had all been used, they were simply 
doubled. Thus the twenty-seventh mix was designated AA. However, in some instances later 
mixes were related to earlier ones. Thus, instead of JJ, the designation was JX, because it was the 
same as formulation X. Similarly, once the MM formulation looked promising, binder variations 
were designated MW or MT. Additional mixes of the MM formulation investigated in the same 
time frame were assigned extra letters and include MMF, MMG, and MMH. 
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Section 5 

BALLISTIC CONSIDERATIONS 

Some obvious differences in comparing a solid hybrid fuel motor to a solid propellant motor is 
that the hybrid motor can be throttled, turned off, and restarted. In terms of an equation 
describing burning rate or surface regression rate, solid motors and hybrid motors are also 
significantly different. In hybrid motors, regression rate is a function of oxidizer mass flux, 
namely, r = a(G 0 ) n , where G 0 is the oxidizer mass flux, a is the preexponent, and n is the 
exponent. This makes comparison of regression rates for different fuels complex, since either or 
both a and/or n can be different, and different oxidizer mass fluxes will lead to different rates even 
with constant a and n values. By comparison, the equation for solid motors includes a pressure 
term with a positive exponent, making burning rates in solid motors sensitive to chamber 
pressure. There is no pressure term in the hybrid regression rate equation, and no regression rate 
pressure effects were observed in the testing in this program at pressures below 650 psi. 

The term for hybrid fuel loss from the surface is regression rate, rather than burning rate which is 
used for solid propellants. The reason for the difference is that hybrid fuel does not bum at the 
surface during steady state operation. Instead, the heat generated during combustion of the 
vapors is transferred back to the surface causing a decomposition and release of low molecular 
weight gases. The continuous release of these gases effectively blows the oxidizer away from the 
surface and keeps combustion in the gaseous stream proceeding down the motor. It is known 
that HTPB pyrolysis also results in formation of some char, 6 and that formation of gases and 
char proceed simultaneously. 

The literature indicates that regression rate is a function of heat transfer to the surface which has 
components of convection and radiation. 8 Radiative heat transfer during motor operation is 
facilitated via inclusion of carbon black. The MSFC Govemment/Industry Team baseline hybrid 
fuel (UTF cartridge-29901) contains 0.2% carbon black. 

As the surface loss of fuel proceeds through reactions producing a) low molecular weight gases 
via pyrolysis reactions, b) char via pyrolysis reactions, and c) vaporization of some species 
without a reaction, it should be possible to affect the ballistics by changing the ingredients of the 
fuel and/or by changing the heat transferred to the surface. This was a consideration in selection 
of the candidate filler materials. The candidate fillers span a variety of types of materials from 
aliphatic to aromatic compounds; they range from those which vaporize without charring, to 
those which form high char yields. They range from those which absorb heat to vaporize, to 
those which pyrolize with release of heat. It was anticipated that some would be more effective 
than others in tailoring the regression rate expression exponent while maximizing the regression 
rate. 

The pre-exponent and exponent for unfilled HTPB are respectively, 0.104 and 0.68. 8 However, 
in order to maintain a constant O/F ratio with a constant oxidizer input stream, it is desirable to 
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have an exponent of close to 0.50. The MSFC Govemment/Industry Team baseline hybrid fuel 
has an exponent of 0.54, 2 achieved by using Escorez 5320 as a filler at the 60% level in 
crosslinked HTPB. The pre-exponent for this fuel is only 0.069, indicating that the lowering of 
the exponent was accompanied by a lowering of the pre-exponent. 
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Section 6 

MOTOR FIRING TEST RESULTS 


Labscale Motor 

A total of 85 labscale motor firings were conducted on this program, 75 of them in order to make 
a selection on the fuel composition to scale up. The labscale motor was provided by MSFC. It 
has a 1.5" diameter interior. As configured for these tests, the combustion chamber is 
approximately 13.5 inches long, composed of a 10 inch long barrel plus head and aft ends which 
slide over the barrel and seal with O-rings. Four 2.5-inch long fuel grains cast in paper phenolic 
cartridges and laid end to end make up the fuel charge. These butt against the slightly smaller 
interior diameter head end piece which encloses a chamber about 2.5 inches long from injector to 
grain, with an igniter port about half way between the grain and the head end of the motor. The 
injector consists of a single hole about 3/16 inches in diameter centrally located in the head end 
through which the gaseous oxygen flows. The aft end of the grain assembly contains a ring with 
an interior diameter of about 1 .0 inches and an exterior diameter about 2.25 inches. This seats 
into the aft segment of the motor, which consists of a mixing chamber about 1 inch long, with the 
approximately 2.25 inch diameter. Farthest aft is a piece of graphite, approximately 2 inches 
long. This can either be the nozzle, or it can hold a tungsten nozzle insert. It has about a one 
inch long section to serve as an exit cone. The entire assembly is held together by plates at the 
head and aft ends connected via two threaded rods. The fuel grains were cast with interior port 
diameters of either 0.826 inches or 0.625 inches. 

Data Reduction for Labscale Motor 

Each empty fuel cartridge was weighed prior to being filled. Each grain was weighed prior to a 
motor firing. After the motor firing the exterior surfaces were wiped clean (mostly to remove 
halocaibon grease) and the grains were reweighed. All weights were recorded on a spreadsheet. 
The spreadsheet calculated the density and weight loss for subsequent regression rate 
calculations. 

The published relationship 8 between oxidizer mass flux and fuel regression rate for hybrid motors 
is 

r=a(G 0 )n 

where r is the fuel regression rate in inches per second, a is a pre-exponent dependent on the 
motor configuration and the units desired (in this work in./sec), G 0 is the oxidizer mass flux in 
lb/(sec in. 2), and n is the exponent. The exponent for straight HTPB (probably cured with 
Desmodur N-100) is reported to be 0.68. 7 - 8 

Regression rate is calculated by a series of steps. First the weight loss is calculated using fuel 
grain weights from before and after firing. Then, using the density determined on the grain prior 
to firing, the volume of lost fuel is calculated. The next step is to calculate the final radius, 
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assuming all weight lost is in a uniform shell. The regression rate then is calculated as the 
difference between initial and final radii divided by the action time. Since there is mass loss from 
the exposed ends of the grain, the assumption is not completely valid, and the numbers are not 
good for predictions or analysis. Better numbers can be obtained by using weight losses from 
only the center one or two grains. The regression rates, pre-exponents, and exponents in this 
report are all based on weight losses from the center grains only. 

The oxidizer mass flux (OMF) or G 0 in the above equation is calculated as the oxygen flow rate 
divided by the cross sectional area of the bore of the motor, which increases during the firing. 

The G 0 used to reduce labscale motor data is an average, based on the average radius, which is 
calculated here as the sum of the initial radius and the final radius divided by two. 

Motors were fired at two different conditions to obtain regression rates at two different oxidizer 
mass fluxes. The lower oxidizer mass flux was normally obtained by using the standard interior 
bore diameter of 0.826 in. and an oxidizer flow rate on die order of 0.08 to 0.09 lb/sec. The 
higher oxidizer mass flux was obtained by using an interior bore diameter of 0.625 in. and an 
oxidizer flow rate of 0. 1 8 to 0.25 lb/sec. These two conditions combined with the series of 
operations described above provided a minimum of two sets of regression rates and oxidizer mass 
fluxes for each formulation. In some instances grains were refired, but under these circumstances 
it is difficult to assign an initial diameter which makes for greater uncertainty in the results. The 
exponent was extracted by taking the logarithms of both sides of the set of two equations, 
combining the two oxidizer mass flux conditions, and solving for n. Ballistic data for all labscale 
motor firings conducted can be found in Appendix B. 

An alternative approach which was used to calculate the exponent and pre-exponent for the 1 1- 
inch motors and which is more accurate, is an iterative series of calculations which steps though 
small increments of time and recalculates the oxidizer mass flux each time. This approach is used 
in the spreadsheet calculations in Appendix C. This analysis method becomes more important in 
longer firings where the port size changes substantially. The labscale firings were nominally 3.5 
sec for the low oxidizer flow rate tests and 2.6 sec for the high oxidizer flow rate tests. 

Motor Firing Conditions 

The nominal goal chamber pressures were 500±100 psi. Two standard nozzle insert sizes were 
used, 0. 180" diameter for the low oxygen flow rate (around 0.08 to 0.09 lb/sec) tests, and 0.340" 
diameter for the high oxygen flow rate (around 0. 1 8 to 0.25 lb/sec) tests. The observed results 
usually had chamber pressures close to 600 psi for the low oxidizer flow rate tests, and between 
400 and 500 psi for the high oxidizer flow rate tests. Chamber pressure traces for all labscale 
motor firings are in Appendix B. The nozzles were reused unless the diameter had increased in 
size during the first firing. Generally the smaller diameter nozzles using the low flow rate could 
be used more times than the larger ones. This correlates with the O/F ratio which was usually 
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around 2 for the low flow rate and above 3 for the high flow rate. It is hypothesized that the 
higher O/F ratio resulted in more rapid nozzle oxidation and erosion for the high flow rate tests. 

Formulation Approach 0 

Dicyandiamide was one of the candidate filler materials examined early in the program. One mix 
was made with this material and one set of grains was cast, designated I. The filler composition 
consisted of 55% hexamine and 15% dicyandiamide. The pot life was very short making casting 
difficult. The regression rate was 0.0412 in/sec at an oxidizer mass flux of 0.2835 lb/(sec sq in.). 
This is a significantly lower regression rate than obtained with Formulation H (which used the 
same binder system) described in Approach 2, and no further work was done with this additive. 

Formulation Approach 1 

This approach was examined early in the program due to the attractive lower cost of additive C, 
Escorez 73 12, compared to additive B, Escorez 5320. Escorez 7312 is an aromatic hydrocarbon. 
Aromatic hydrocarbons are usually avoided in rocket fuels as they bum with low efficiency and 
produce soot, but it was felt that such a behavior might be beneficial in terms of tailoring the 
exponent The approach here examined C as well as combinations of C and D to tailor the 
exponent with hexamine, A, as the primary filler. A total of five formulations were examined in 
at least two motor firings in order to determine the exponent. Only the last one contained carbon 
black (CB1) . The first approach to binder formulation contained R45HT, antioxidant Cyanox 
2246, surfactant, and Desmodur N-100 and is called "100”. The second approach to binder 
formulation was used in the other four mixes and had the N-100 curative replaced by some Dow 
Voranol 230-660 and Desmodur W, and is designated "mxW.” An overview can be obtained via 
examination of table 1. 

Formulations G, M, and O examined fifteen percent of additive C with 55% hexamine utilizing 
slightly different binder systems as shown in table 1. There was some difference in the results, 
and in no case was the exponent lowered to the goal value of 0.50. 


Table 1. Summary of Formulation Approach 1 


Grain 

Designation 

A 

B 

C 

D 

E 

CB1 

CB2 

binder 

dens 

g'cc 

pre- 
exponent a 

exponent 

n 

I G&M 

55 


15 





100 

1.07 

0.086 

0.54 

O 

55 


15 





mxW 

1.06 

0.124 ! 

0.71 

P 

55 


10 

5 




mxW 

1.10 

0.109 1 

0.60 

Q 

50 


10 

10 




mxW 

1.10 

0.089 

0.48 

s 

50 


10 

10 


0.2 


mxW 

1.10 

0.090 

0.42 
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Ten percent C and five percent D combined with 55% hexamine, fonmulation P, produced an 
exponent of 0.60. Raising the D content to ten percent, and combining with ten percent C and 50 
percent hexamine, formulation Q, further lowered the exponent to 0.48. This combination of 
organic additives was close to the goal, and it was subsequently combined with 0.2 percent CB1 
carbon black, formulation S, to increase radiative heat transfer to the surface. This further 
lowered the exponent to 0.42. 

The regression rate behavior of the formulations of Approach 1 are plotted in figure 1. It can be 
seen that all are well above the baseline G/I Team formulation, and that most are close to that of 
the advanced formulation later chosen for scale up. The general increase in regression rate is due 
to replacement of the Escorez in the G/I Team formulation with hexamine. 
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Figure 1. Regression performance of Approach 1 compared to the G/I Team baseline 
formulation and the advanced formulation from Approach 4. 

Examination of the nozzle inserts after motor firings revealed black, sooty deposits. This 
undesirable result plus a low fuel density led to termination of this approach. However, the 
results demonstrated exponent tailoring and bracketing of the desired exponent value of 0.50, and 
indicated that aromatic ingredients can be veiy useful. 
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Formulation Approach 2 

This approach emphasized the use of additive B or Escorez 5320, the main additive already most 
extensively utilized in hybrid fuels, in combination with hexamine. This made it closest to the 
experience base, since many grains have been made and fired using this material as the only filler. 
The largest number of motor firings were performed on this group. A total of 16 different 
formulations were examined, and several were fired more than twice in order to determine 
reproducibility and to obtain representative values. Results did not always appear to be 
reproducible, indicating that some parameters which were not controlled must play important 
roles. A summary can be found in table 2. 

Table 2. Summary of Formulation Approach 2 


Grain 

Designation 

A 

B 

C 

D 

E 

CB1 

CB2 

binder 

dens 

g/cc 

pre-exponent 

a 

exponent n 

H 

55 

15 






100 

1.07 

0.129 

0.70 

T 

50 

5 


15 




mxW 

1.13 

0.098 

0.56 

BB 

55 

10 


5 



0.2 

nW 

1.09 

0.091 

0.50 

V 

50 

5 


15 


0.2 


nW 

1.09 

0.097 

0.48 

HV 

50 

5 


15 


0.2 


nW 

1.13 

0.084 

0.455 

Y 

50 

5 


15 



0.2 

nW 

1.10 

0.073 

0.32 

LL 

50 

7.5 


12.5 



0.2 

nWg 

1.14 

0.106 

0.52 

NN 

50 

8.5 


11.5 



0.2 

nWg 

1.14 

0.096 

0.52 

EE 

50 

10 


10 


0.2 


nW 

1.12 

0.094 

0.49 

GG 

50 

10 


10 



0.2 

nW 

1.12 

0.102 

0.54 

HH 

50 

10 


10 



0.2 

nWg 

1.13 

0.090 

0.47 

W 

45 

10 


15 



0.2 

nW 

1.09 

0.093 

0.47 

X 

45 

10 


15 


0.2 


nW 

1.10 

0.096 

0.48 

JX 

45 

10 


15 


0.2 


nW 

1.13 

0.115 

0.55 

Ha 

40 

15 


15 


0.2 


nW 

1.12 

0.091 

0.44 

UU 

8.7 

49.8 


1.3 



0.2 

nWg 

0.99 

0.124 

0.59 


One parameter varied in this group was the carbon black type and content. Two different types 
were examined as indicated in the section on selection of candidate fillers. Therm ax (CB2) 
processed better than Elftex (CB 1) and was ultimately used more frequently as well as for scale 
up. Sometimes when compared in the same formulation such as W and X, results were similar. 
Other times, such as in V, HV, and Y, or EE and GG, the results were quite different. There is 
currently no good explanation for the variance. 
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The goal was to obtain an exponent in the range of 0.50 to 0.53 in formulations containing carbon 
black, which was achieved by formulations BB, LL, and NN. The general approach was to use as 
much of additive A as possible to increase the density and regression rate while varying the 
content of additives B and D to tailor the exponent. Densities of up to 1.14 g/cc were obtained in 
this group. The goal exponent of 0.50 was clearly bracketed, with half of the formulations 
exhibiting an exponent below it. About half of the formulations were within +/-0.03 of the 0.50, 
indicating that the goal is definitely attainable. It should be possible to produce the desired 
exponent very accurately, since variations on the order of 1.0% of the exponent tailoring 
ingredients produce only slight variations in exponent. 

It was during testing of this series that the final binder formulation was selected, and binder 
variations may have contributed to variations in ballistics to an extent greater than anticipated. 
Desmodur W reacts with moisture in the mix only very slowly to produce carbon dioxide gas. 
Some bubbles are formed after the polymer is significantly crosslinked, and then become trapped, 
leaving voids. As Desmodur N-100 reacts faster with water and releases bubbles before viscosity 
builds, it was formulated into the curative system to reduce void formation. The source of the 
moisture is the hexamine, which is polar and appears to hold a small amount of moisture despite 
attempts to dry it and keep it dry. The mixed curative is designated nW in table 2. Later 
glycerol was added for additional crosslinking in place of Voranol 230-660. This binder is 
designated nWg. 

The last effort within this approach was to examine the effect of relatively small amounts of 
additives A and D in combination with additive B as the major component This was done in 
formulation UU. In this case a higher regression rate was achieved with the use of only a small 
amount of die amine additives, although the density of die fuel is relatively low at 1.01 g/cc. The 
higher exponent obtained in this one test can probably be reduced by formulating with a different 
ratio of the additives A and D. A processing advantage of lower amounts of additive A is a 
longer pot life. 

One characteristic of motor performance of all these formulations (except UU) was a large 
variation in axial regression rate. That is, the weight losses from different segments within a given 
motor were significantly different. As a result, alternative formulations which had more uniform 
axial regression rates were examined in greater detail and ultimately selected for scale up. 
Formulation UU, which was examined late in the program after scaling up a denser composition 

from Approach 4, exhibits more uniform axial regression, comparable to the formulation scaled 
up. 

The regression rate performance of several of the formulations with exponents close to 0.50 are 
plotted in figure 2. It can be seen that the rates are similar to that of the advanced formulation 
chosen for scale-up, and many are slighdy higher. However, since the densities in this approach 
tend to be lower, the net result during motor firing is similar mass flows to those observed with 
the advanced formulation. 
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Figure 2. Regression performance of selected formulations in Approach 2 compared to 
scaled up formulation (Advanced) from Approach 4 and Gfl Team formulation. 


This approach performed neatly as well as Approach 4, which was ultimately selected for scale 
up. Less desirable characteristics of this approach included the need to grind the Escorez, the 
cost of the Escorez, the somewhat less uniform regression behavior, frequently observed as 
pocketing of the fuel surface after motor firing, and the lower density. 

Formulation Approach 3 

This approach emphasized the use of additive E or polyacrylonitrile, frequently referred to as 
PAN. This material was selected for examination as it is known to form a char via an exothermic 
reaction. Therefore, there should be more energy available at the fuel surface to assist in release 
of material from the surface, potentially boosting the regression rate. However, offsetting the 
favorable energy release is the fact that the char formed is physically tough, known for its 
strength in carbon fibers. If char were to stay on the surface and block either convective or 
radiative heat transfer to the surface, the effect on the regression rate would be negative. 

The polyaciylonitrile was purchased from Aldrich Chemical. Their catalog does not provide any 
choice as to molecular weight; the density is listed as 1.18 g/cc. The first attempts to use this 
material during IRAD studies indicated that it is slightly soluble in HTPB and increased the 
viscosity significantly. It was concluded that only moderate loadings could be utilized and that 
the total solids content would be limited. A summary of activity within this approach can be 
found in table 3. 
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The first processible mix was designated K, and contained 52% additive A and 10% additive E. 
Motor testing produced an exponent of 0.55. However, the pre-exponent was the lowest in the 
program (for expressions with exponents around 0.5), indicating that a significant effect of this 
level of this additive was a reduction in the regression rate. 


Table 3. Summary of Formulation Approach 3 


Grain 

Designation 

H 

B 

C 

D 

E 

CB1 

CB2 

binder 

dens 

®foc 

pre-exponent 

a 

exponent 

n 

K 

52 




10 



100 

1.04 

0.084 

0.55 

U 

50 

17 



3 



nW 

1.06 

0.10 

0.57 

Z 

50 

10 


9 

1 

0.2 


nW 

1.08 

0.067 

0.28 

CC 

55 

14 


■ 

1 


0.2 

nW 

1.07 

0.167 

0.84 

FF 

55 

10 

__ 

D 

1 

0.2 


nW 

1.08 

0.094 

0.48 


Subsequent mixes used much lower amounts of additive E. Formulation U contained a 
combination of only 3% E with 17% B and 50% A, bringing the total filler loading back up to the 
standard 70%. Motor firing results showed a lowering of the regression rate at the low OMF test 
condition which caused the exponent for this formulation to rise to 0.58. The next variation, 
formulation Z, examined the effect of combining 1% E with the basic GG formulation , (50% A, 
10% B, and 10% D, which exhibited an exponent a little higher than 0.5), replacing 1% D with 
1% E. This raised the regression rate at the low OMF test condition while having minimal effect 
at the higher oxidizer mass flux. Another factor was inclusion of carbon black in the Z 
formulation, whereas the previous two did not contain it. 

The next iteration examined the effect of modifying formulation H (55% A and 1 5% B) with 1% 

E replacing 1 /o B. This raised the regression rate at the high OMF test condition while having no 
effect on the regression rate at the lower OMF test condition, opposite to the effect seen in 
formulation Z. The final formulation examined in this series was designated FF and is a variation 
of formulation BB (55% A, 10% B, and 5% D) in which 1% D is replaced with 1% E. This is 
similar to the relationship of formulations Z and EE, and the ballistic effect of the change was 
similar. That is, the low OMF regression rate was raised. However, in this instance, the high 
OMF regression rate was also raised a little. The regression rate results are tabulated in table 3 
and shown graphically in figure 3. 

This approach was discontinued in favor of Approach 4 for several reasons. These included 1) 
additive E is not offered commercially in quantity, 2) additive E does not process as well, 3) high 
loadings of additive E produced regression rate inhibition, and 4) ballistic effects of low loadings 
of additive E appeared somewhat inconsistent. 
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Figure 3. Regression performance of the fuel formulations in Approach 3 compared to 
scaled up formulation (Advanced) from Approach 4 as well as the Gfl Team formulation. 


Formulation Approach 4 

This approach emphasized the use of two amines, additives A and D with no other additives 
except carbon black. It was initiated in the middle of the program when it was determined that 
additive D was the most effective at modifying the exponent. Since the density of additive D is 
relatively high, this increases the density of the fuel. Additive D is an aromatic amine. It is 
known to do more than one thing on being heated. Part of it vaporizes; another part forms a low 
molecular weight, weak char. The results of Approach 2 indicated that the desired exponent was 
obtained when the formulation contained around 10 to 15% D. Accordingly the first formulation 
examined here contained 55% A and 1 5% D and was designated AA. A summary of activity in 
this approach is shown in table 4. 


Table 4. Summary of Formulation Approach 4 


Grain 

Designation 

B 

B 

C 

D 

E 

CB1 

CB2 

binder 

dens 

g/bc 

pre- 

exponent 

a 

exponent 

n 

AA 

55 



15 



0.2 

nW 

1.13 

0.078 

0.46 

KK 

60 



10 



0.2 

ESI 

1.14 

0.087 

0.509 

MM 

61 



9 



0.2 

EEI 

1.135 

0.091 

0.54 

OO 

62 



8 



0.2 

ESI 

1.13 

0.089 

0.55 

IU 

25 



35 



2.0 

ES!I 

1.13 

0.103 

0.555 

PP 

60 



— 



0.2 

ES3 

1.06 

0.107 

0.58 


25 
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Motor firings of formulation AA produced an exponent of 0.46, and it was concluded that 15% 

D did significantly reduce the exponent. The pre-exponent was also relatively low at 0.078, and 
approaches 2 and 3 looked more favorable at the time. However, one interesting characteristic of 
the fired grains was that there was no residual char on those fired at the higher OMF. The grains 
looked as clean after firing as before firing. This is in contrast to the results in the other 
approaches or that obtained with the G/I Team formulation where char was always visible on the 
surface of the grain after a motor firing. There was some char left on the grains of approach 4 
when fired at the lower OMF. It was a weak, dry char that could be relatively easily scraped off. 
The surfaces of the fired grains were also smooth. This was in contrast to the grains c ontai ning 
Escorez which consistently exhibited pocketing of the surface. 

The next composition evaluated in this series was formulation KK, which contained 60% additive 
A and 10% additive D. In this case the exponent calculated to be 0.509 with a pre-exponent of 
0.0875, based on four motor firings. This looked very promising as this was basically the goal 
exponent. These grains also all exhibited smooth surfaces after firing. In order to obtain data on 
tailoring the exponent using this approach, formulations with only 1% difference in additive D 
content were examined. Formulation MM contained 9% additive D, and formulation OO 
contained 8% additive D. As can be seen in table 4, this caused a general increase in the exponent 
as anticipated. Formulation MM was subsequently chosen for scale up testing as its regression 
rate exponent most closely matched that of the G/I Team fuel formulation, and the fuel surface 
regressed very evenly. 

By extrapolation of the series of AA through 00, it appears that the greater the additive D 
content, the lower regression rate, as both the exponent and pre-exponent are functions of the 
additive D content. The logical extension appeared to be a mix containing additive D only. 
However, quick attempts to do that with the nWg binder failed to cure. Formulation IU was a 
compromise, with more than twice as much additive D as any previous combination. It did cure 
in binder nWg. It was formulated to go in the head end of the 1 1-inch motor, as a 3/4 in. thick, 
thin web of fuel which correlated in previous G/I Team tests with reduced pressure oscillations 
compared to a bare silica phenolic head end insulator. The total solids was reduced to 60% to 
facilitate casting, as 70% was too stiff while 60% cast smoothly. The carbon black level was 
increased to increase the optical density of the fuel and to reduce radiation penetration into the 
fuel. It was labscale motor tested for ballistic properties only at the end of the program, after the 
1 1-inch motor tests. 

The head end insulator containing the thin web of formulation IU was used in two 1 1-inch motor 
firings. Each time it lost just a little weight and emerged in good condition. When formulation IU 
was tested in labscale motor firings, it was a surprise to learn that the regression parameters were 
very similar to those of the 00 formulation, since it was anticipated that it would have a lower 
regression rate. 

Formulation PP, containing only additive A at the 60% level, was tested to determine regression 
rate and exponent with no additive D. As expected, it exhibited a somewhat higher exponent than 
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fonnulations containing additive D. Formulation N, containing 65% A and 5% D, was tested in 
one motor firing early in the program. It exhibited an anomalously low regression rate, which was 
probably due to variations in processing or binder. Representative results are shown in figure 4. 


Regression Rate Comparison: Approach 4 






pp 


00 


EH 






Figure 4. Regression performance of selected formulations in Approach 4 compared to 
the scaled up formulation (MM, called Advanced) from this group. 


Combustion Stability 

There are a number of factors which contribute to combustion stability. Injector location and 
geometry as well as motor chamber geometry are two that are well known. Motor chamber 
pressure traces during firing obtained in this study show that the fuel formulation can also affect 
both the frequency and amplitude of the pressure oscillations that occur during motor operation. 
Figure 5 shows the relatively low pressure oscillations observed during a low OMF firing of the 
formulation in this approach which exhibits an exponent of 0.5. 



Figure 5. Motor Chamber Pressure Trace from the Advanced Fuel Formulation 

(KK, MSFC #49) 
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Figure 6. Motor Chamber Pressure Trace from the G/I Team Fuel Formulation 

(MSFC #50) 

By comparison of figures 5 and 6 it can be seen that the pressure trace with the advanced fuel 
formulation is much smoother than that of the G/I Team fuel formulation. The numbers shown 
adjacent to the trace represent measurements of the size of the oscillations. Each measurement 
unit represents 14.74 psi. As a result, the peak-to-peak oscillation in the G/I Team formulation 
represents 250 psi, and the positive pressure spike represents 162 psi above the average chamber 
pressure. In contrast, the peak-to-peak variation in the advanced formulation represents only 
74 psi, and the positive pressure spike is only 44 psi above the average chamber pressure. The 
net effect is that the pressure spike has been reduced 73%, enabling design of a lighter weight 
chamber, as the maximum pressure experienced by the chamber during motor operation is 
significantly lower. Labscale motor firings at higher OMF indicate that as the OMF goes up, the 
frequency of the oscillations tends to increase, while the amplititude stays about the same. 

Chemical Composition and Heat of Formation for Scaled up Formulation 

In order to perform accurate thermochemical analyses using NASA SP-273 to calculate specific 
impulse, characteristic velocity, and product distributions, it is important to have accurate input 
data. 8 As the compositions of the ingredients are well known and the cure reaction proceeds as 
an addition reaction, the initial composition is essentially the final composition, and can be easily 
calculated. Based on an MT composition (see Appendix A for exact composition), this works 
out to C 4.9762 H 8.8549 N 2.1819 O 0.04969 f° r a 100 g fuel sample. 

The heat of formation is the second critical value needed for input for the thermochemical 
analysis program. The heats of formation of HTPB prepolymer and crosslinked polymer binder 
system appear to be somewhat uncertain. MDA-HSV has the 1988 version of SPP which has an 
ingredients data base of some 342 chemical species. 9 These include CTPB (ID342) and HTPB 
(ID245). However, these appear to be prepolymer species and not cured species as they contain 
no nitrogen. Also, there appear to be some inconsistencies. The value listed for HTPB for heat 
of formation is negative and much lower than the heat of formation listed for CTPB which is 
positive at 1 1 .7 kcal/lOOg. Inasmuch as carboxyl termination is more highly oxidized than 
hydroxyl termination, the relative energies appear to be reversed: the HTPB should be at a more 
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positive heat of formation, not at a lower one. More significant is the omission of the curative 
and/or the heat of formation values for the cured binder, since the curative normally makes up on 
the order of 10% of the binder, and the cure reaction itself is somewhat exothermic. 

To obtain data in this area, MDA-HSV made several bomb calorimetry runs on actual fuel 
formulations, burning them in high pressure oxygen atmospheres. In this case the heat released 
includes any effects of binder filler interactions. Some nitric acid was formed which was titrated, 
and its heat of formation was subtracted from the net heat released as part of the standard data 
reduction procedure. UAH made their bomb calorimeter available during a regularly scheduled 
lab. Using a bomb calorimeter, the average amount of heat released was 7855 cal/g of fuel, based 
on seven separate runs using different batches of fuel made on different days. 

Using the relationship that the total heat available from complete combustion of carbon and 
hydrogen to carbon dioxide and water is equal to the heat of formation plus the heat of 
combustion, the heat of formation is equal to the total eneigy available less the heat of 
combustion. Then for lOOg of fuel, heat of combustion is 4.9762 times 94.38 (heat of formation 
of carbon dioxide in kcal) plus 8.8549 times 34. 19 (heat of formation of water divided by two to 
correspond to each hydrogen) less measured heat released or 785.5 kcal for 100 g. Since by 
convention these are both negative and the heat released is greater, the heat of formation of the 
fuel is a positive 13.1 kcal/lOOg. The contribution from the binder is 853 cal, or 2.843 kcal/100 g. 
Since one form of polybutadiene is listed as having a positive heat of formation of over 1 1 kcal, 
this value is possible and appears reasonable. 

Eleven-Inch Motor 

The supporting nozzles and silica phenolic insulation cylinders were made by Thiokol Corp., and 
the motors were loaded and unloaded by them as well. Thiokol also weighed the grains, took 
measurements on them, and reported the results. 

The first 1 1-inch motor on this program contained only one segment with a three inch diameter 
port and utilized formulation RR, which had the standard filler ratio, but a slightly different 
binder system as shown in table 5. Later testing of small fuel grains in a labscale motor firing 
produced a regression rate of 0.0598 in/sec at an OMF of 0.4013 lb/(sec sq in.). Using an 
exponent of 0.54, this relationship requires a pre-exponent of 0.098. 

Table 5. Compositions of 11-Inch Motor Fuel Grains 



R45M 

R45 

HT 

anti- 

<K 

■ 

gly- 

cerol 

DesW 

N-100 

C 

Black 

Hex- 

amine 

Mel- 

amine 

RR 

27.39 


0.28 


0.11 

1.97 

0.26 

0.2 

61.0 

9.0 

MW 


27.48 

0.27 



1.98 

0.27 

0.2 

61.0 

9.0 

MT 


27.31 

0.28 

0.28 

0.10 

1.79 

0.24 

0.2 

61.0 

9.0 


29 
































MDC 95W5102 


The second 1 1 -inch motor firing on this program consisted of three segments with four inch 
diameter ports. See Processing Section for rationale on selection of binder composition. The 
MW grain was placed in the center of this motor, flanked on both ends with MT grains. The 
MW formulation was later tested in a labscale motor firing and determined to exhibit a regression 
rate of 0.0469 in/sec at an OMF of 0.2347 lb/(sec sq in). Using an exponent of 0.54, this 
relationship requires a pre-exponent of 0. 103. Data on both 1 1-inch motor firings are in 
Appendix C. 

First firing, single grain, January 11, 1995 

The fud grain for the first 1 1-inch motor firing weighed 78.282 lbs prior to firing. The cartridge 
weighed about 17 lbs, leaving a net weight of 61 lbs for the fuel. The calculated density is 1.15 
g/ce. Figure 7 is a picture of the firing. 



Figure 7. First 11-lnch (Single Segment) Motor Test Firing 
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This motor was fired mid afternoon on a rainy day with a temperature approximately in the high 
fifties. The previous night had not been very cold, and the fuel grain temperature was probably 
in the fifties. The oxidizer mass flow for this firing averaged 1.06 lb/sec giving an initial OMF of 
0. 155 with flow initiated at 3.2 sec. Ignition occurred at 5.8 sec, and the pressure quickly rose to 
over 900 psi in 0.2 seconds as shown in figure 8. The higher than anticipated chamber pressure 
created an unchoked condition compared to the driving pressure of 1325 psi, and the chamber 
pressure then dropped to 883 psi at 6.4 sec. It subsequently rose back to 909 psi at 6.84 sec and 
then dropped as the nozzle eroded. The action time was 1 1 .4 seconds. The flame had a purple 
hue and showed Mach diamonds, which is generally indicative of complete combustion of the 
fuel, and within the testing conducted on this program had previously been associated only with 
high O/F ratios. The grain burned out very evenly from end to end, and the pressure trace 
showed only very minimal pressure oscillations, on the order of 10 psi. Compared to the 
chamber pressure of 900 psi, this is about 1% pressure fluctuation. 



Figure 8. Chamber Pressure During First 11 -Inch Motor Test 

After firing the grain weighed 70. 152 lbs. The net weight loss was 8.13 lbs. The head end 
insulator lost 0.215 lbs. Using the spreadsheet analysis (Appendix C), the initial regression rate 
was 0.54 in./sec., and the average regression rate was about 0.045 in/sec based on weight lost, 
density, and action time. This regression rate is consistent with the measured bore diameter after 
firing, which averaged around 3.93 in. Predicted average regression rate based on labscale firings 
and oxygen flow rate was about 0.035 in/sec. Actual regression rate was about 30% higher than 
predicted, and 100% higher than that of the Escorez based fuel. Calculated nozzle erosion was 
on the order of 7 mils/sec, in line with that seen at similar pressures on the MSFC GH Team 11- 
inch motor testing. Combustion efficiency was approximately 99%, consistent with the high 
value reported by Thiokol on a G/I Team test at 770 psi. 2 Assuming an exponent of 0.53, the 
observed regression rate requires a pre-exponent of 0.144. 
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The binder for this formulation utilized R45M polymer and no surfactant, slight deviations from 
the lab scale formulations from which the baseline regression rate was derived. The labscale firing 
of this composition produced a slightly higher regression rate than the baseline MM 
compositions had, but was still well below the rate seen in this single segment motor. 

The data for the labscale motor firings were reviewed, and it was noted that several positive 
deviations from calculated values have been obtained in this region of oxidizer mass flux, that is, 
around 0.1 to 0.15 lb/(sec sq in.). There may be something special at this OMF which causes a 
higher regression rate. Observations indicate more residual char on the fuel surface after a motor 
test, compared to the fact that there is none at high OMF. 



Figure 9. Hybrid fuel extinguishment sequence at 1/3 second intervals 
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A desirable feature of a hybrid rocket fuel is that it extinguish cleanly and quickly after oxidizer 
shut off. The sequence of photographs shown in Figure 9 shows that the advanced fuel 
composition achieves this goal. One third of a second after a full size flame, there is no flame, 
and after two thirds of a second when the nitrogen purge has been turned on, there is only a little 
smoke. 

Second firing, three grain configuration, January 18, 1995 

This firing was performed about 2:30 in the afternoon. The air temperature was around 55° 
Fahrenheit. It had been much colder the previous night, and the grain had been exposed to the 
low temperature overnight. Consequently the grain temperature was probably in the forties. 

The oxygen flow rate was 7.0 Ib/sec with an initial OMF of 0.546 lb/(sec sq in); the action time 
was 8.4 seconds. Ignition was smooth, and it burned faidy evenly with a much yellower flame 
than the previous firing, suggesting a lower combustion efficiency. It burned cleanly; no smoke 
could be seen during the bum as shown in figure 10. Mach diamonds were generally not visible. 



Figure 10. Second 11-Inch (Three Segment) motor Test Firing 
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and the plume expanded to a much greater diameter than in the previous firing. This is due to a 
much larger nozzle diameter and a lower chamber pressure. As shown in figure 1 1, chamber 
pressure was initially about 480 and gradually dropped to 440 psi. 


Chamber Pressure for Second 11 -Inch Motor Test 



Figure 11. Chamber Pressure for Second 11-Inch Motor Test 

There was a loud bang about seven seconds into the eight second firing, and a photograph showed 
that many glowing particles had been expelled. A spike can also be seen on the pressure trace, 
figure 1 1 . Examination of the hardware after the firing indicated that the silica phenolic injector 
cover was lost during the firing, and the expelled fragments must have been due to disintegration 
of this cover. Fragments were recovered from the adjacent field after the firing. The nozzle also 
showed impact damage on the interior where it had been hit. Aside from the approximately 100 
psi pressure spike which accompanied expulsion of the injector cover, the pressure trace was 
veiy smooth, with only 10 psi fluctuations. 

According to this data reported by Thiokol which is shown in table 6, grains 3 and 4 lost very 
nearly die same weight, although the increase in bore diameter is different The final weights 
were rechecked, and that of grain 4 is correct as measured, although the number for the larger bore 
would suggest a higher weight loss. Thiokol reported that the inrides of all die fuel grains were 
smooth after firing. They were also free of char, although the head end insulator had lots of char 
on its surface after each firing. 

Using the spreadsheet program to model the process in 0.1 sec intervals (Appendix C), the initial 
oxidizer mass flux is 0.546 lb/(sec sq in), and the initial regression rate is 0.076 in/sec with an O/F 
ratio of 1.75 (Appendix C). At 8.4 seconds (after ignition, essentially end of bum), the oxidizer 
mass flux is down to 0.34 lb/(sec sq inch), the regression rate is 0.059 in/sec, and the O/F is up to 
1.77. To model this regression profile, the pre exponent must be 0.104 for an exponent of 0.53. 
The pre-exponent represents a 47% increase in regression rate over the basic Escorez based fuel. 
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Table 6. Eleven Inch Motor Grain Data from Thiokol. 


Item 

Wt. Before 

Wt After 

Wt 

loss 

Dia Before 

Dia After 

Inc in radius 

fwd grain, 
MDA #2 

70.405 lbs 

60.486 

lbs 

9.919 

lbs 

B3BH1 

5.04 inches 

0.5025 inches 

middle grain, 
MDA #3 

70.400 

58.984 

11.416 

4.035 

5.163 

0.564 

aft grain, 
MDA #4 

70.408 

58.920 

11.488 

4.039 

5.343 

0.652 

Totals or 
average 

211.213 

178.39 

32.823 

4.039 

5.184 

0.573 

Insulator 

sleeve 

10.050 

9.188 

0.862 

6.428 

6.715 

0.1435 


Combined with the increased density, the increased regression rate produces about a 70% 
increase in mass flow for the advanced fuel. To produce a chamber pressure from the 
spreadsheet program near 483 psi, a combustion efficiency of 0.95 is required. This is close to 
hybrid motor combustion efficiencies reported by Thiokol Corp. for the G/I Team testing. 1 
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Section 7 

MECHANICAL PROPERTIES 

Mechanical properties are critical in solid propellants as cracks or large voids lead to burning of 
increased surface area during operation which in turn leads to higher pressures, and potentially to 
overpressurization. As a result, the criteria for acceptable mechanical properties is fairly well 
established as are routes to obtain them using HTPB binder systems. Although it is known that 
cracks are less critical in hybrid motors, it is still a good practice to make fuel with mechanical 
properties capable of withstanding thermal contraction and expansion during hot and/or cold 
storage. For these grains, especially the grains for the 1 1-inch motor which would be stored 
unheated in winter, the goal properties were stress of over 100 psi and strain of over 20%. 

Mechanical properties were not optimized for the labscale grains. It was noted that the earliest 
grains were somewhat sticky, and the cure ratio was increased. Also, an additional cross linking 
material was added. After that, the labscale grains were crosslinked to stress levels well above 
100 psi. They were never cooled significantly, and were never observed to crack. 

When it was time to fabricate the grains for the 1 1-inch motor, more consideration was given to 
mechanical properties. As noted under Approach 4, new materials caused some initial difficulty 
in obtaining satisfactory processing parameters and mechanical properties, but these were over 
come as indicated in the Processing Section. 

Mechanical Property Determinations 

Cartons of fuel were cast (from the same mixes as went into the fuel grains tested in the 1 1-inch 
motor) and allowed to cure at room temperature for over a month. These were then cut into slabs 
on a guillotine at MICOM. Formulations cast in cartons included: RR (first 1 1-inch fuel grain), 
MTB (forward and aft grains in second 1 1 -inch motor firing), MW (center grain in second 1 1- 
inch motor firing), and IU (insulation in the head end, used in both 1 1-inch motor firings). The 
slabs were then die cut using MICOM's die cutter into standard JANNAF dogbones, whose 
dimensions in the critical areas were measured. 

The dogbones were pulled on the MSFC M&P Lab Instron, which automatically calculates stress 
based on the machine load and specimen dimensions which are input prior to each test. Strain 
was calculated as displacement divided by gage length, based on a gage length of 2.7 inches. The 
stress strain curves were plotted and lines drawn to determine the initial tangent modulus. Values 
for the initial tangent moduli were obtained via hand measurements from the plots. Data are 
shown in table 7. 
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Table 7. Advanced Fuel Mechanical Property Data 


Mix 

Designation 

Max 

Stress 

(psi) 

Strain at 
Max Stress 
(%) 

Initial 

Modulus 

(psi) 

RR 

169 

32.0 

710 

MTB 

95 

31.8 

446 

MW 

89 

14.3 

860 

IU 

141 

52.1 

296 


Curative-to-polymer ratios (the most important contributor to mechanical properties with higher 
ratios producing higher stress capability) were selected on the basis of manual evaluation of small 
specimens cut from cure cups made from trial mixes. Normal testing machine mechanical 
property determinations were not made because equipment (guillotine, die cutters, and grips) was 
not readily available. Goal mechanical properties were: stress between 100 and ISO psi, strain 
greater than 20%, and modulus between 700 and 900. The results were obtained without any 
quantitative determination of mechanical properties prior to selection of a cure ratio, and 
demonstrate that a range of properties is readily attainable. 

The RR mix was made with R45M prepolymer. It meets the stress and modulus goals with 
excellent strain. The modulus increases slightly after the initial value reported here. A 
disadvantage is the higher cost of the R45M prepolymer compared to R45HT. The significantly 
more expensive R4SM prepolymer was used as an interim solution to a problem of how best to 
process the new lots of materials, including R45HT. (See Processing Section for discussion.) 
Since R45M costs over $4/Ib compared to about $1.85 for R45HT, this increases the cost from 
about $0.99/lb to $1 .65/lb. As keeping the raw materials cost low was a stated goal of this 
program, and since R45HT is used in a significant number of existing propellants and has been 
demonstrated to be an adequate alternative to R45M, it was used for the bulk of this progr am 

The MTB (MTB is simply a slight cure ratio variation of MT; MT is the new raw materials lot 
variation of MM with a much lower cure ratio) mix was made with R45HT prepolymer and 
includes surfactant. The modulus stays constant for a larger portion of the curve before it begins 
to decrease as shown in figure 12. The use of a higher cure ratio (more curative) would produce a 
higher stress and higher modulus. It was noted that the surface was somewhat sticky, although 
fuel grains made with this composition were machined with no trouble. Higher cure ratios were 
used in some of the later mixes for the fuel slabs. 

The MW mix was made with R45HT prepolymer, but contained neither surfactant nor glycerol. 
Glycerol is a trifunctional additive which was used in most of the formulations to increase 
crosslinking. Leaving it out of formulation MW resulted in a greater number of voids in the 
carton, although the grain in the motor had the same weight and density as one of the grains made 
with the MTB formulation. The difference is probably due to the fact that the carton was cast 


38 




MDC 95W5102 


after the motor when the mix was slightly more cured and did not flow as well to close voids. 
The voids in the carton specimens caused premature failures in the dogbones, resulting in low 
stress and low strain. 



(mi 

KTM9-* MJL 



Figure 12. Stress-Strain Curves for Formulations RR and MTB 
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The IU mix used for the head end insulator was made with R45HT prepolymer and was only 
60% filled, compared to the main fuel grain compositions which were 70% filled. It also 
contained more fine particle size filler. One result was a much higher ultimate strain capability. 
The shape of the initial portion of the stress strain curve was similar to that of Mix RR, namely 
starting with a lower modulus which increased with increasing strain. Perhaps the lower initial 
modulus is due in part to the absence of surfactant here also. The different particle size 
distribution could also be a factor. 

The mechanical property test results indicate that the mechanical properties of this fuel are 
readily tailorable by varying the curative to polymer ratio and/or by using additional crosslinker 
(glycerol). In addition, the binder to filler interfaces appear well bonded as the stress strain 
curves gave no indication of dewetting (pulling of the binder away from the filler, where there is a 

break or knee in the curve). This means the fuel can absorb thermally induced strains without 
incurring damage. 

As mentioned previously, the bulk of the labscale grains, with the exception of MW and RR 
formulations, generally were more highly crosslinked. 
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Section 8 
PROCESSING 

HTPB binder systems are processed at all the major propellant manufacturers in the country. 

One widely used propellant curative is IPDI because it reacts slowly and provides a long pot life. 
The standard procedure is to mix all the ingredients thoroughly, add the curative, mix it in, 
transport the mix bowl from the mixing building to the casting facility and cast. Casting of die 
entire contents of a "standard" size batch mix has been known to take up to 24 hours. A minimal 
pot life is on the order of six to eight hours. 

The primary additive selected for this effort is hexamine. It is a tertiary amine, meaning that 
chemically it is a strong base. While it is a solid and is not soluble to any significant extent in the 
HTPB, it can still act as a catalyst for the cure reaction. As a result, the pot life of HTPB mixes 
containing hexamine was shorter than the classical six to eight hours, and was usually on the order 
of 10 to 15 minutes. This was enough time to cast 2 gallon (1 1 lb) mixes. However, the limited 
pot life requires development of a continuous mix process for large scale motors. 

A major advantage of the hybrid fuel is that it is non energetic, and thus the mixing and casting 
can be done in areas which do no have to be remote, and can be dose together. Based on readily 
available equipment in the chemical processing industry, a continuous mix procedure with a fairly 
short hold up time should be suitable for large scale production of this formulation. 

Hybrid Fuel Mixing Procedure 


Table 8. MTB Fuel Formulation, 5000g mix 


Percent 

Ingredient 

Weight 

27.32% 

R45HT lot 408125 

1366.05 

0.27% 

Cyanox 2246 

13.65 

0.27% 

Surfynol 104 

13.65 

0.11% 

glycerol 

5.35 


above is premix; wt is 

1398.70 

0.24% 

Desmodur N-100 

11.95 

1.79% 

Desmodur W 

89.35 

30.00% 

total binder 

1500.00 




60.80% 

Hexamine 

2890.00 

9.00% 

Mdamine 

450.00 

0.20% 

Thermax N-991 

10.00 

100.00% 

total 

5000.00 
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Figure 13. Additives pour easily Figure 14. Fuel at end of mix 


Mixes were made at 120°F. Polymer R45HT, Cyanox 2246, Surfynol 104, and glycerol were 
weighed into the bowl along with carbon black Therm ax N-991. The bowl was heated via 
circulation of hot water, and these ingredients were vacuum mixed together for approximately 15 
to 30 minutes. The curatives were weighed together into a wei ghing container and then 
transferred to the mix bowl. The binder containing carbon black was vacuum mixed for about 1 5 
minutes at 120°F. The hex amine and melamine which had been stored under vacuum, were 
weighed, dry mixed together, and then added as shown in figure 13. All ingredients were mixed 
together for about 10 minutes and then the mix was cast. The mix ran easily off the blades as 
shown in figure 14, and cast readily as shown in figure 15. 

Some typical viscosity curves are shown in figure 16. Significant variations in pot life were 
observed between different batches of hexamine and/or between different cure ratios. 
Formulations MT and MTB represent different lots of hexamine. 
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Figure 16. Representative Pot Life Curves for Advanced Fuel Formulation 
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The fuel flows after casting as can be seen in figure 1 7 by the smooth surface of the curing fuel. 



Figure 17. Hybrid fuel grain after casting 
Scale Up Problems and Solutions 

Formulation MM was chosen for scale-up. At time of scale-up, all new lots of materials were 
obtained in order to have sufficient quantities of the chosen materials for making the fuel grains 
for the 1 1-inch motor. The first mixes made with the standard recipes exhibited short pot lives. 
The cured fuel was very hard and exhibited very low strain capability. Clearly something was 
different, but since everything had changed, and most of the old materials were completely us ed 
up, it was difficult to determine what. 

The approach to solving the problem was to replace some of the ingredients with available 
alternatives. It was determined that using a lot of R45M polymer increased pot life to an 
acceptable level. Also, it was found that by reducing the curative level, acceptable strain could be 
achieved Seven two gallon mixes were made with R45M to fill a 37 in. long, 8 in. diameter 
cartridge with a 3 in. port. This single, 8 in. diameter grain was used in the first 1 1-inch motor 
firing on this program. The mechanical properties were stress of 169 psi, modulus of 710 psi, 
and strain of 32%. These are typical solid propellant properties. 
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Additional investigations on the materials revealed that a further reduction in cure ratio brought 
the pot life with R45HT into an acceptable range with acceptable strain in the cured fuel. In 
order to obtain these from the new lot of R45HT, it was determined that the cure ratio had to be 
lowered about 57% from that used in making most of the labscale motor fuel grains. Apparently 
the first lot of R45HT was the abnormal one, since other lots behave more like the second one 
used here. In the formulations with the original lot of R45HT, a trifunctional crosslinking agent 
was added to improve mechanical properties. The first 34 in. grain cast using the new R45HT 
utilized the standard binder ingredients with a lower cure ratio. This formulation was designated 
MT (a third letter, such as MTB, indicates a cure ratio variation). It contained the same fillers as 
the first 34 in. long grain. Subsequently it appeared that mixing could be simplified by removing 
the crosslinker and surfactant and raising the cure ratio. The binder portion of the second 34 in. 
grain made with the new R45HT contained neither surfactant nor trifunctional crosslinker 
although the filler portion remained the same. This formulation was designated MW. After 
removal of the mandrel, void formation was observed adjacent to the mandrel which had not 
happened with the MT formulation. Consequently, for the third grain in the set, the proven MT 
formulation was used to minimize void formation. 

The mechanical properties of formulation MW were stress of 89 psi, modulus of 860 psi, and 
strain of 14%. The dogbones of formulation MW contained multiple small voids, unlike the 
other formulations tensile tested. The mechanical properties of formulation MT (which was not 
tested in a lab scale motor firing) were stress of 95 psi, modulus of 446 psi, and strain of 32%. 
This appears intuitively backwards, as the higher strain is obtained with a formulation containing 
a trifunctional crosslinker, but other differences include lower cure ratio as well as presence of 
surfactant in the higher strain formulation. 

These fuel grains machined readily. The finished products are shown in Figure 18. 
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Figure 18. Hybrid fuel grains ready for placement in motor 
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Section 9 
AGING 

A detailed aging program is well beyond the scope of this program. However, hexamine does 
exhibit a small vapor pressure under ambient conditions, and fuel grains containing hexamine will 
exhibit some weight loss depending on the duration of storage, die temperature, and whether the 
grain is sealed or whether air is allowed to circulate freely over die surface. Based on some very 
rough measurements consisting of two data points taken about a month apart, it was estimated 
that a 61% hexamine content 34 in. fuel grain with a four inch diameter port, which was stored at 
ambient temperatures with the ends open, could lose on the order of 0. 1 33% of its fuel weight 
per month. In all likelihood, weight losses could be reduced by sealing up a grain during storage, 
which is the normal storage condition. It is believed that other approaches could also be 
employed to reduce the vaporization rate, such as coating the surface of the grain with a reduced 
permeability coating. 

Preliminary observations on small specimens of fuel aged open in a forced air oven indicated that 
the rate of vaporization of hexamine is higher at 150°F, and that this would be an unacceptable 
storage condition in the absence of something like a coating to reduce vaporization. 
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Section 10 

THERMOCHEMICAL ANALYSES 

The scaled up formulation from Approach 4 was analyzed using SPP. 10 The fuel composition is 
C 4.9762 H 8.8549 N 2.1819 O 0.04969 f° r a 100 8 fuel sample; the heats of formation (AHf) 
used as input were those of the fillers plus that of HTPB, as these calculations were performed 
prior to experimental determination of the heat of formation. Different AHf values cause the 
output values to vary slightly, but an 8 kcal difference in input for the fuel as a whole resulted in 
less than a 1% difference in calculated Isp. The HTPB AHf used was -11.3 kcal/100g, which was 
chosen as a conservative value incorporating the effect of a saturated curative. 

The main outputs of interest are specific impulse {Isp) and characteristic exhaust velocity (C*) as 
functions of oxidizer-to-fuel ratio. Other input parameters which can be varied include oxidizer, 
chamber pressure, and expansion ratio. Results at one atmosphere will be different from those in 
vacuum with a higher expansion ratio. The only oxidizer considered on this program is oxygen. 

A chamber pressure of 500 psi was chosen as a reasonable compromise between high chamber 
pressure to obtain high Isp which requires higher motor case weight and oxidizer tank weight 
(assuming a pressurized system), compared to lower chamber pressures and vessel weights 
which produce lower Isps. The primary emphasis of this program is a booster, but presumably a 
booster would fly from ground level to high altitude where the pressure is much lower. 
Accordingly, both sea level and vacuum results are reported in table 9. The vacuum Isp is based 
on an expansion ratio of 60. The performance of the Govemment/Industry Team formulation 
based on Escorez is shown for comparison in table 10. 

Table 9. Characteristic Velocity (C*) and Specific Impulse (Isp) for Advanced Fuel 
Formulation from Approach 4 as a Function of Oxidizer-to-F uel (O/F) Ratio 


O/F ratio 

C* in ft/sec 

Sea Level Isp in sec 

Vac Isp in sec 

1 1 

5415 

247.3 

307.3 

1.2 

5717 

263.4 

331.1 

1.4 

5841 

272.5 

346.5 

1.6 

5840 

276.1 

356.1 

1.8 

5782 

275.2 

360.1 

1.9 

5746 

273.9 

361.1 

2.0 

5708 

272.3 

360.4 

2.4 

5556 

265.4 

352.3 

2.5 

5521 

263.7 

350 

2.8 

5419 

258.8 

343.2 

3.2 

5298 

252.8 

334.3 

3.6 

5189 

247.3 

325.8 

4.0 

5091 

242.3 

317.5 
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Table 10. Characteristic Velocity (C*) and Specific Impulse (Isp) for G/I Team Fuel 
Formulation as a Function of Oxidizer-to-Fuel (O/F) Ratio 


O/F ratio 

C* in ft/sec 



1.3 

5241 



1.6 

5699 

262.1 

328.9 

i 2 

5888 

I 276.2 

353.2 

2.2 

5871 

277.9 

1 359.7 

2.4 

5824 

277.1 

363 

2.5 

5796 

276.1 

363.5 

4 

5380 

256.9 

r 34i 


These data are presented graphically in figures 19 and 20. 
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Figure 19. Characteristic Exhaust Velocity (C*) for the Advanced Fuel Formulation and 

the G/I Team Formulation 



Figure 20. Sea Level Specific Impulse for the Advanced Fuel Formulation and the G/I 

Team Formulation 
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From figures 19 and 20 it can be seen that the values of C* and Isp are similar for the advanced 
fuel formulation and for the G/I Team formulation, the biggest difference being that the maximum 
values for the advanced fuel occur at a much lower O/F ratio. The significance is that the 
improvements in density, regression rate, uniformity of regression rate, etc., have been achieved 
with almost no loss in Isp, with a simultaneous increase in the density Isp product. 
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Section 11 
DISCUSSION 

From the preceding it can be seen that as a result of changing the fuel composition, improvements 
have been made in fuel density, in tailorability of exponent in the regression rate expression, in 
the regression rate, in the uniformity of regression rate axially along the motor, in the amount of 
oxidizer required, and in combustion stability. At the same time, the ingredients cost less than 
those used in the G/I Team formulation. Theses items will each be discussed below in more detail. 

Density 

The improvement here is a result of using fillers with higher density. Aliphatic hydrocarbon 
fillers usually have densities close to 1 .0 g/cc. In contrast, hexamine has a density of around 1 .27 
g/cc and melamine has a density of around 1 .57 g/cc. By filling a binder with a density of 0.92 
g/cc with 70 % of these materials, a density of 1 . 1 5 g/cc was obtained. This enables packing a 
given weight of fuel into a smaller container. In addition, when coupled with an increase in 
regression rate, it can be seen that the fuel mass flow is further increased since the mass flow is a 
product of regression rate and density. 

The density of liquid oxygen is 1.135 g/cc. The G/I Team fuel with a density close to one was 
less dense than the oxidizer, and there was advantage from a density standpoint to use more 
oxidizer. Using the advanced fuel, however, the fuel density is greater than that of the oxidizer, 
and except for the need to have ports in die grain which increases the size of the combustion 
chamber, there is an advantage in increasing the amount of fuel relative to the amount of oxidizer. 

Tailorability of the Exponent 

With a regression rate expression exponent greater than 0.5, the O/F ratio tends to increase 
throughout the duration of the motor firing (at a constant oxidizer flow rate) because the rate of 
total fuel regression slowly decreases as the grain bums out. This is potentially accompanied by 
a decrease in thrust since the mass flow decreases, although it depends on the initial O/F ratio 
since if operating at an O/F ratio below maximum Isp initially, raising the ratio would also raise 
the Isp. The G/I Team formulation has an exponent of 0.53 to 0.54 and would exhibit such 
behavior. Although the advanced, scaled-up fuel formulation had a similar exponent by design, it 
is easy to change that exponent to exactly 0.5 by simply changing the ratio of the two amine 
additives. This is shown in the series AA to KK to MM to OO, which starts with an exponent 
below 0.5 and goes above it. 

Even burnout, on which this analysis showing the increase in O/F at exponents above 0.5 is 
based, does not really exist. Therefore, it may be advantageous, based on actual motor firing 
results to aim for a slightly different exponent. This approach-varying the ratio of the two 
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amine fillers -allows the fuel formulator and propulsion engineer to make those adjustments as 


It is not completely understood how melamine functions to alter the exponent. Melamine is 
sometimes sold as a "flame retardant" for some applications, probably due to its tendency to 
form a char. In fact, in the absence of a high flow rate of gas over the regressing surface, 
combustion tests on this fuel in ambient air show formation of a char layer which insulates the 
fuel beneath it and leads to self extinguishment. Observations of the surface of the fuel after a 
motor firing test show some residual, "dry" char at low oxidizer mass flux (<0. 14 lb/(sec sq in.), 

and a clean surface at high oxidizer mass flux (>0.18 lb/(sec sq in.),. It is hypothesized that it is 
the char that in some way affects the exponent. 

Regression Rate 

Low regression rates drive a grain design to be either long and slender or to have multiple ports. 
As the regression rate is increased, the grain can either become shorter or contain fewer ports. 
Since the average density of the fuel is decreased by the number of ports, an increase in regression 
rate enables a decrease in the size and weight of the motor chamber and a resultant increase in 
system performance. 

Correlations have been made to show that surface regression rate is a function of the heat 
delivered to the surface and is veiy strongly coupled to the oxidizer mass flux in hybrid motors 7 
Heat delivered by the gas is primarily via convection. However, radiation has also been reported 
to play a significant role, although its total contribution appears to be somewhat less than that of 
convection. Radiation can be either from the gases or particles suspended in the gas in the motor, 
and recent woric has indicated that particulate radiation plays an important role. 3 Supporting 
evidence was obtained in tests here incorporating different loadings of carbon black into the fuel 

formulations. Carbon black loadings of 0.0, 0.2 and 2.0 percent were tested. While no 

systematic variation was performed within this program, the trend was an increasing regression 
rate with increasing carbon black content. 

The increase in regression rate in the advanced fuel formulations is due primarily to replacing 
polymeric components-either crosslinked HTPB or Escorez-with molecular species which can 
be more easily vaporized. However, the chemical and physical processes t ha t occur at the 
surface during combustion are complex. In the case of polymers or even some intermediate 
molecular weight materials, pyrolytic chemical reactions take place to produce low molecular 
weight gases as well as higher molecular weight chars. Pyrolysis reactions predominate in the 
binder and in polymeric fillers. There is no oxidation of the solid at die surface during steady 
state operation, since the rapid release of the gaseous molecules formed in the pyrolysis reaction 
effectively blows the oxidizer away from the surface. 

As the fuel pyrolysis at the surface consists of chemical reactions, there are activation energies 
and alternative pathways leading to different products. Thus there are ways to influence rates 
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and product distributions. Different fillers and even different curatives for the HTPB will have 
different reactions. Chen and Brill have shown that simply by changing the curative in 
crosslinked HTPB from TDI to DDI, the activation energy can be changed from 9.2 to 12.5 
kcal/mole, and the regression rate can be changed from 0.14 to 0.20 mm/sec. 11 

Using hexamine as the sole filler was examined over a wide range of loadings. Some tests were 
run on MDA-HSV IRAD work, and some were conducted within this effort. At loadings of up 
to 50% hexamine in HTPB, the increase in regression rate appeared to be directly proportional to 
the hexamine loading. Fuel formulations with hexamine loadings above 50% appeared either to 
exhibit the same or lower regression rate, when hexamine was the only additive. However, when 
hexamine loadings above 50% were combined with other additives which produce char, the 
regression rate could be further increased. It is postulated that heat transfer from particulate 
radiation is responsible for the additional rate increase. 

The mechanical integrity of char formed during motor operation appears to be significant. As 
noted in Formulation Approach 3, PAN was investigated as an additive which would produce 
char in an exothermic fashion. It was also known that the char would possess substantial 
mechanical strength. When a 10% loading of PAN was examined, the observed regression rate 
was significantly reduced, while the exponent was not. 

There is some evidence to suggest that the degree of crosslinking of the HTPB binder also 
influences the regression rate. One test result on IRAD in which the binder contained 
significantly more glycerol for binder crosslinking exhibited a reduced regression rate. While the 
mechanical properties and crosslink density were not monitored for most of the labscale grains 
made and tested within this program there appear to be similar trends. The earliest grains made 
in this program were only lightly crosslinked and were veiy sticky. As noted in Formulation 
Approaches 1 and 2, the binder composition evolved during the program to something with more 
crosslinks and less surface tackiness. In fact, most of the labscale grains were fairly hard. When 
the MM series, using this hard, fairly highly crosslinked binder was tested in the labscale motor 
and the data was reduced, the pre-exponent obtained from a curve fitting routine was 0.093. 

As noted under Approach 4, when this formulation was scaled up with new materials, the initial 
result gave a binder that was too hard, and the crosslink density was reduced by reducing the 
curative level. Mechanical property tests indicated that the stress level of fuel with the reduced 
curative level ranged from 89 psi (MW, center segment) to 95 psi (MTB, end segments). Firing 
of the second 1 1 -inch motor containing these segments gave a regression rate which was 
consistent with a pre-exponent of 0. 1 04. Firing of a labscale motor using grains made from the 
same mix gave a pre-exponent of 0.103, a veiy similar number. As the filler content was the same 
while the binder had changed, and as this is a significant change, the best explanation is the 
difference in the binder. Mix RR exhibited a higher stress of 169 psi. Labscale motor testing of 
this composition gave a regression rate consistent with a lower pre-exponent of 0.098. 
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Variation in Axial Regression Rate 

All motor firings conducted on this program exhibited a variation in regression rate as a function 
of axial position. All labscale motor firings utilized four grains, and in every case these were 
individually weighed. This data is reported in Appendix B (pages 17-24). If the grains are 
numbered from one to four going from the head to the aft end, in general grain four lost the most 
weight, and the grain three lost the second most weight. There were two patterns in the head end 
grains. Sometimes the lowest weight loss was in head end, grain one, and sometimes it was in 
grain two. The results were fairly reproducible and were formulation dependent. 

To enable a comparison to the existing data base, the G/I Team JIRAD data base on 1 1-inch 
motor tests was reviewed. 12 Weight losses were reported for each of three segments for eight 
tests over a range of OMF values. For analysis purposes, the weight loss in each segment was 
divided by the weight loss in the head end to generate weight loss ratios (dimensionless 
parameters) by segment within the motor. This data is plotted in figure 21 . It can be seen that 
the aft end exhibits a higher regression rate when the OMF is greater than 0.385 lb/(sec sq in), and 
a lower regression rate when the OMF was equal to or less than 0.274 lb/(sec sq in). In the three 
tests where the OMF was above 0.6 lb/(sec sq in), the aft segment lost in excess of 60% more 
weight than did the head end segment. In contrast, at OMF below 0.20 lb/(sec sq in)., the aft end 
segment lost up to 43% less than did the head end segment. 


Axial Regression Ratios in 1 1" Motor 



Figure 21. Variations in Axial Regression Rates Calculated as Segment Weight Loss 

Ratios for the G/I Team Formulation 

The ratio of aft end weight loss compared to head end weight loss was then plotted as a function 
of OMF as shown in figure 22. It can be seen that the relationship appears linear to a first 
approximation with an intercept of 0.57 and a slope of 1.44. Using these relationships, weight 
losses representative of variation in axial regression rates at different OMF values can be more 
meaningfully compared. Of special interest is the OMF value at which the ratio is one, because 
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this condition suggests a uniform axial regression rate. This analysis implies that a motor 
containing the G/I Team fuel operated at an OMF of 0.30 would exhibit uniform axial regression. 
A similar analysis based on the center segments instead of the aft end segments implies that 
uniform axial regression would be obtained at an OMF of 0.33. 


Segment Regression Ratio as a Function of OMF 
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Figure 22. Regression Rate Ratios of Aft Segment to Head End Segment as a Function of 
OMF for the G/I Team Formulation in the 11-Inch Motor. 

The similar ratio of weight loss in the aft end to that of the head end of the 1 1-inch motor was 
then calculated for the advanced fuel, resulting in a value of 1.16 at an OMF ratio of 0.546. This 
was then plotted for comparison to the G/I Team fuel and the line derived from it as shown in 
figure 23. 



Figure 23. Regression Rate Ratios of Aft Segment to Head End Segment as a Function of 
OMF for the Advanced Formulation Compared to the G/I Team Formulation 
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From examination of figure 24 it can be seen that the axial variation in regression rate for the 
advanced formulation is much lower than that of the G/I Team formulation, as the point is well 
below the calculated line. 

Since the variation in axial regression rate correlates with the OMF, it is postulated that when a 
higher regression rate is observed in the head end, it is at least partially due to a relatively long 
residence time there of oxygen, which becomes depleted due to formation of carbon monoxide and 
carbon dioxide as it moves down the bore, decreasing the downstream regression rate. 

Conversely, at high OMF more unreacted oxygen is able to penetrate toward the aft end of the 
grain where it can react to release heat. Transfer of this heat to the surface combined with the 
higher total mass flux in the aft end, contributes to a higher regression rate there. 

The lower variation in axial regression rate observed with the advanced formulation is believed to 
be due to differences in activation energies of the alternative fillers. CFD models indicate an 
increasing temperature profile from the head end toward the aft end proceeding axially down the 
length of the grain. 13 The temperature increases toward the aft end of the grain. In general 
increasing the temperature increases the rate as Arrhenius theory predicts the rate to be 
proportional to e"*VRT where Ej, is the activation energy for the reaction, R is the universal gas 
constant, and T is the temperature. For a given increase in temperature the rate will increase less 
for a smaller activation energy. The goal, in the approach to replace a polymeric filler with a 
monomeric one, is a reduction in the activation energy for "vaporization" from the surface. The 
reduction in variation of axial regression rate exhibited by the advanced fuel formulation is 
consistent with a net lower energy of activation for the "vaporization" process. 

Amount of Oxidizer Required 

The quantitative data for this topic was developed in the Thermochemical Analysis section. 

Since the amine fillers in the advanced fuel contain significant amounts of nitrogen, the nitrogen 
can be released during combustion as nitrogen gas. As nitrogen gas contains no oxygen, less 
oxygen is required for complete combustion of the basic fuel. It might appear that one effect 
would be significantly less heat evolved and a lower specific impulse, but the results of die 
thermochemical analysis show that there is only a very slight loss in Isp. This is because the 
primary filler, hex amine, has a favorable heat of formation, and because die average molecular 
weight is lower when nitrogen gas, molecular weight 28, is formed instead of carbon dioxide, 
molecular weight 44. The result is that a motor can be designed to operate at an O/F ratio of 
around 1.3 to 1.4 and still obtain high Isp and high thrust levels. This enables a smaller oxygen 
tank and a reduction in inert weight due to less pressurant, or a smaller pump, and smaller pipes. 

Combustion Stability 

The change in appearance of the pressure trace, in which an advanced formulation (Fig. S) 
exhibited a reduction in both amplitude and frequency of pressure oscillations around the average 
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chamber pressure compared to the G/I Team formulation (Fig. 6) s ugg ests a net change in the 
overall mechanism of pyrolysis, decomposition, and vaporization. 

It is known that the HTPB pyrolysis results in formation of some char. 7 During motor 
operation, the char is then tom from the surface in massive fragments compared to the smaller 
molecules which have formed and been vaporized. Once a piece of char flies off and becomes 
immersed in the oxygen rich gas stream, it is rapidly oxidized, produdng a quick rise in the 
pressure. The pressure rise momentarily pushes the developing char more tightly into the 
surface and suppresses char release. Once the gas molecules formed from the combusted char exit 
the nozzle, the pressure drops, the newly formed char springs out and is tom off, and the cycle 
repeats. 

The effect of replacing the HTPB with a filler which forms less char, decreases the amount of 
char that can be removed each cycle, thus decreasing the amplitude of the pressure spike. Since 
the action of tearing char off is probably due to an interaction between char and gas rushing over 
the surface, it is postulated that a certain minimum size of char must form prior to reaching a 
threshold of interaction with the gas passing over it. Due to a lower content of char forming 
material, it will take longer to form that minimum size and thus decrease the frequency of the 
pressure spikes. Consistent with this hypothesis is that the observed pressure oscillation 
frequency is higher at higher mass fluxes. 

In the event that the char possesses high strength, it may stay in place for some time as the fuel 
surface recedes behind it. Once it sticks out a significant distance into the oxidizer rich gas 
stream, it may be oxidized in place. Should this occur, additional radiant eneigy will be 
transferred to the immediately adjacent fuel surface, and this adjacent fuel surface will exhibit an 
increased, localized regression rate. It is postulated that this is the cause of pocketing observed in 
the surface of fired fuel grains in formulations containing high loadings of polymeric hydrocarbon 
filler. 

Costs 

Raw Materials 

One goal of this program was to lower costs. This has been accomplished for raw materials. All 
new formulations with estimated costs are listed in Appendix A. The G/I Team baseline 
formulation was probably established without regard for cost, since the curative is relatively 
expensive. The ingredients for that fuel cost about $2. 25/lb. The crosslinked HTPB binder 
system for the advanced fuel developed here costs about $2.00/lb in 1994 dollars, when the price 
quotes were obtained. The most expensive component is the curative. At 30% of the fuel 
composition, the cost for the binder in the advanced fuel is on the order of $0.56 to 0.60/lb of 
fuel. The cost of the amine fillers is on the order of $0.55/lb. This would depend on volume. At 
70% of the composition, the filler cost is about $0.39/lb of fuel. The total cost of the raw 
ingredients for the advanced fuel is then on the order of $1 .00/lb. 
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Processing 

All ingredients were used off the shelf, requiring no additional grinding. None are energetic and 
thus do not require special handling. Since the fillers wet easily in a relatively short time and do 
not cause a high shear condition requiring a high power mixer, the mix processing time is short 
and cost is minimal. The fairly short pot life would require a continuous mix and cast operation. 
There is a requirement for a vacuum for a part of the mix cycle as well as heating. 
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Section 12 

FABRICATION OF SLAB BURNER SPECIMENS FOR THE PENNSYLVANIA STATE 

UNIVERSITY 

Molds were provided by Penn State. The first ten slabs were cast from the end of the mold to 
minimize exposure of curing surfaces to moisture in the air during cure. It was learned that they 
had to be overcast and trimmed back. Starting with a net fill did not work due to cure shrinkage 
and degradation of surface fuel as a result of interaction with moisture in the air during cure. 

The second ten slabs contained thermocouples, which were to be in a vertical position. To 
reduce mechanical loading on fragile thermocouples during casting, the second ten fuel slabs were 
cast via turning the mold "upside down" and removing the bottom, an action which positioned 
the thermocouples pointing straight up during casting. Professor Kuo had suggested this 
procedure. Fuel was poured on both sides of the fragile thermocouples and permitted to 
converge on the thermocouples simultaneously from opposite sides. It worked. All 
thermocouples tested positively to continuity checks after the slabs had cured. To minimize 
effect of moisture on curing fuel, these were overcast, and the excess trimmed back after the slab 
had cured. After trimming, some small voids were noted. Those on the lower edge of the slab 
were filled prior to shipment. A thermocoupled slab is shown in figure 24. 



Figure 24. Thermocoupled Fuel Slab. 
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Appendix B 


LABSCALE MOTOR FIRINGS 
Spreadsheet 


Pressure Traces 




SPREADSHEET TO RECORD DATA AND CALCULATE BALLISTICS 

ON LABSCALE MOTOR FIRINGS 


The data are presented in spreadsheet form. Different fuel formulations go down the page; 
observed data and reduced (calculated) data for a given formulation go across the page. 

PAGES 1-8: Left Side of Spreadsheet. Summary information to enable comparisons of critical 
values for different fuel compositions. 

The first two columns of the spreadsheet contain information to identify a particular formulation 
and when it was tested in a motor firing. The first column is the day as month/day of the month 
followed by the test firing number for that day. The series begins in 1994. The second column 
identifies the MDA mix designation and an MSFC assigned number which for this program is 
P280-94 XX, where XX is the individual number shown in parentheses in column 2. Column 3 
contains the calculated value for the oxidizer mass flux (OMF) for a test and column 4 contains 
the calculated regression rate. By using these values from a set of two firings of the same 
formulation the preexponent (a) and the exponent (n) are calculated and are shown in columns 5 
and 6. The calculated oxidizer-to fuel (O/F) ratio is shown in column 7. The average measured 
density for the set of four fuel grains is shown in column 8. The calculated density, based on the 
densities of the components and no voids is shown in column 9. The initial weight for a set of 
four fuel grains is shown in column 10. The final weight (after the firing) of the set of four fuel 
grains is shown in column 1 1. The weight lost, namely the difference between initial and final 
weights, is shown in column 12. This could be used to calculate the average regression rate, but 
wasn't as indicated in the text Instead the weight lost in the center two grains was used for that, 
and that is shown in column 13. The initial port radius, input as the diameter divided by two is 
shown in column 14. The final radius, calculated assuming loss of a uniform shell composed of 
the weight lost in column 13 combined with the density (from column 8) to give an increase in 
radius is shown in column 15. 

In instances where there are more than two sets of data, the a and n values were extracted from a 
non-linear curve fit by the commercially available program EZFIT. When this was done, there is a 
notation and the results usually reported in the a and n columns. 

Formulations MW and RR, used in the 1 1" motor tests, were tested only in single labscale motor 
firings. Thus it is not possible to calculate an exponent In these cases a standard exponent was 
assumed and the preexponent calculated, which is shown with a note above it 

PAGES 9-16: Center of Spreadsheet 

This set repeats the identifiers from columns 1 and 2. Column 3 contains the oxidizer flow rate 
reported by MSFC, calculated from the driving pressure and the venturi used. Column 4 shows 
the average cross section which is calculated based on sum of the initial radius and the final radius 
divided by two, and then Jtr^. Column 5 is the action time, or duration of firing which was 
obtained by examination of the pressure traces. It was taken as the time between reaching 
maximum initial pressure and the point where the pressure drops off dramatically when the 
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oxidizer is turned off. Column 7 is the sum of the weights of the empty fuel cartridges or cases. 
Subtracting this from the total weight and dividing by the volume allows calculation of the 
average density which is column 8 page 1 . The last column on this page is a comment 

PAGES 17-24: Right Side of Spreadsheet. 

The identifiers are once again shown in columns 1 and 2. The next group of numbers contain the 
individual weights of each grain before and after motor firing, which when subtracted give weight 
lost. The first set is the low flow condition, which is normally the second line within a single 
formulation on page 1. Going across the set, the first number represents the head end grain, the 
others follow in order toward the aft end. The top line is before firing, which in combination with 
the empty case weights enables calculation of the density. For the first few sets, individual empty 
cartridge, or case, weights were not reported. Starting with mix V, the individual empty cartridge 
weights were reported below the weight lost. From that point on, individual grain densities were 
calculated and are shown immediately below the empty cartridge weights. The number below the 
density is the ratio of the weight lost in that segment to that lost in the segment losing the least 
weight in that motor firing. In many cases this is preceded by the mix designation, as the set of 
numbers may have been imported into a chart and required an identifier. The segment with the 
least weight lost was always in either the head end position or the segment adjacent to it. Toward 
the right of the group are sums-of the weights before firing, of the weights after firing, and of the 
weight lost Where individual densities are reported, the number in the "sum" column is the 
average density. The top number within a set in the Empty Case Weight column is the total of the 
four empty cartridge weights. The number below that is the weight lost in the center two 
segments. A density row number below that is the average density for the two center segments. 
Continuing to the right, similar data are shown for the high flow condition, normally the top line 
of a set on page 1. Occasionally a set of four grains was fired a second time. The additional data 
set is normally on the left 


CHAMBER PRESSURE TRACES 

Chamber pressure traces for all motor firings are included, except one firing aborted due to failure 
of pressure transducer (#77). The action time was obtained manually from these traces, and each 
shows a hand- written notation regarding that value. 

PRESSURE OSCILLATION TRACES 

Pressure traces for motor firings P280-95-76 through 85 are included for reference. These were 
set up to examine only oscillations about the mean, and do not indicate absolute chamber 
pressure. The scale for the upper trace is 120 psi from baseline to top of scale, which means 24 
psi per different" dotted line, or 4.8 psi per single dotted line. The scale for the lower trace is 
twice that, namely 240 psi to the top. That was done in case any large oscillations went off scale 
on the top. These traces were taken during firing of formulations examined at the end of the 
program which exhibited only relatively small pressure oscillations. Firing 77 was not included 
because it experienced a pressure transducer failure and shut down prematurely. 
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Appendix C 


ELEVEN INCH MOTOR FIRINGS 

A. First Eleven Inch Motor Firing 

• Spreadsheet to calculate ballistics 

• MSFC data on pressures, temperatures, 
and igniter current 

B. Second Eleven Inch Motor Firing 

• Spreadsheet to calculate ballistics 

• MSFC data on pressures, temperatures, 
and igniter current 


A. First Eleven-Inch Motor Firing 

SPREADSHEET TO CALCULATE BALLISTICS 

A spreadsheet was used to calculate the weight loss and pressure obtained in incremental steps of 
0.1 sec. Input parameters are listed in bold and include regression expression parameters as well 
as motor characteristics and oxygen flow rate. Some of the output values are summarized at the 
top left in order to make it easy to determine the effect of changing input parameters which 
pr duce reasonable outputs. This spreadsheet was provided by Derek Straub of MSFC as an aid 
in calculating pressures and sizing nozzles assuming a ball park estimate of the regression 
performance of the fuel. It is just as useful to calculate the ballistic parameters, using the chamber 
pressure, oxidizer flow rate, and nozzle size as inputs. It was donated as a working tool, not as 
flawless software. Some minor errors were noted and corrected. Others may have remained 
undetected. 

The spreadsheet requires characteristic exhaust velocities which were calc ulated as noted in the 
Thermochemical Analysis Section where they were reported in table 9, and are entered in the 
spreadsheet at the far right Values for O/F ratios above 4.0 were merely estimated. As noted in 
the results section, the unchoked condition for the oxygen flow led to some flow variations in the 
first 11 -inch motor firing. These are noted as different values in this spreadsheet in the column 
containing the oxidizer mass flow. 

v T 

Actual chamber pressure is compared with calculated chamber pressure on an embedded chart in 
the middle of the spreadsheet printout 

MSFC DATA 

Tabulation of the data from MSFC is essentially self explanatory. The time in the left hand 
column was when MSFC started a timing sequence. Nothing significant happened until about 3. 1 
seconds along that sequence, and consequently the output was truncated to reduce it to 
reasonable size by limiting data points to the time period during oxidizer flow, ignition, and 
significant chamber pressures. An embedded chart at the end of the MSFC data compares 
observed chamber pressure with calculated chamber pressure from the first spreadsheet 

B. Second Eleven-Inch Motor Firing 

The data is reported and analyzed the same way as for the first 1 1-inch motor firing. 
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FIRST 1 1-INCH MOTOR FIRING 
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FIRST 1 1-INCH MOTOR FIRING 
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MSFC DATA ON FIRl ,i -INCH MOTOR FIRING 
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MSFC DATA ON FIRST 11 -INCH MOTOR FIRING 
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SECOND 1 1-INCH MOTOR FIRING 








































MSFC DATA ON SEC(l 1 1 -INCH MOTOR FIRING 
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MSFC DATA ON SECOND 1 1 -INCH MOTOR FIRING 
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MSFC DATA ON SECt . 1 1 -INCH MOTOR FIRING 
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MSFC DATA ON SECOND 1 1 -INCH MOTOR FIRING 
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MSFC DATA ON SECO. 1 1-INCH MOTOR FIRING 
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MSFC DATA ON SECOND 1 1 -INCH MOTOR FIRING 



ssssassaaaa 8 aSSSSS?§ 5 ? 5 J 5 J»«§*s 85 


10 10 to to to to to 
lO IO IO 10 10 lO IO 


IQ W IO IO IO IO 
ft IO IO IO IO IO 


IO <0 IO IO <0 IO 
IO IO IO IO IO IO 



o 

§Xla 

o. 


O I O | O I O I O I o 





<0 <0 <0 <0 
iO IO to to 

CO CO CO CO 


iilliililili 

COCOCOCOCO<OCO<OCOCO<OCO 



m 

99 $ 


N S N <p 

? s??i 






s?sf 


fill 

co co I CO CO 


UM 

mi 


g> gy g> o> a* 
3 > 8 §> §> § 

S CO CO CD (£> 
IO IO IO IO 
CO CO CO CO CO 


IO <p <o <o 

3 3 3 3 


mmmnuMunm 

immiiiiifigiim 


00 CO CM N 
r* r* r- <D 
CO CO CO IO 
IO IO <0 IO 

3333 


w PJ sy 
IO ®? 

* 5 f 


SgSs§al|i§|g"§§IIIfSl 

» <o<ococococoeococo ^3 •'t ^ ^ Tf ■<* Tf Tt 



»p y- in 


IO t- CM <0 

8 § s § 

CM CO CM CM 

3333 


?§i? 

to <b co <d 

9 9 * 9 


Bi 


•g 3 t x : so «o 

co « o In co 

w w co <o cvi 


3 m $2 9 fil ST SlSPliPl ® inU ) Q > N < 0 ( 0 ^ T - Sr - 

• S ? SsPSS NN 9 u ! | 0 #lflOOOrBS 

*ISim** 3 l*$ 3 ***$M 


W w w w 

*■ *■’ ** 


CO -i- <0 co 

T- f S r- 

<=> «? o p 


888538 

(D <D ^ r 
52 « N S <D 


§££881 

COCOCOCO*- 

** <* ■* ■* <* 


*■* q> o> io 

t- ^ IO IO 1“ 
IO IO CM CM IO 
O O T - T - O ) 

$f $$§ 


iiiiPiMlllllllllliiliiiiiiiil 

O *; o > 0 > O ) O o ' ‘ — — — — — ^ 


518 SSIS Ills S 8 III 2 1 3 8 S £ 1 * 



^« s «« F 88 S 


co co oo oo cocoflocoflo 55555555555555 



MISSIS Mini 2 i 1 5 1 1 5 = fc 

§ ll § iilii § g §§ ii | i §| sfs |||| 

imiiuinniiwiiiiiiiii 

nnnunnuinii^nni 


IO IO «? T ^ ^ 
lOCMCM*'*'*-*- 
CM CO 00 CM CM CM CM 
CO €0 CO CO CO 


8 81 81 

CD CO CO 

odd 
3 3 3 


W O N N 

<0 CM CM CM 

rir «>® 

8 gaa 

00 CO CO 


N N N 

Hi 


S N CO 

® S Jj 

aa§i 

CO 00 I 


888 
IO IO IO 


8 j r -. ® 

? 8 .i 

■ * 



1311*1918 


i“ IQ CM IO 

3 SS 8 S 


e*s 
























































































































































































































































































































































































MSFC DATA ON SEC(!> „ 1 1 -INCH MOTOR FIRING 



$8p8p8^8§8§>cna>o> 
S(piA<ou>(b(b<D(bko<d<D(D(p 
iftioioinwioioioioiowioift 
coocxocococococoocowco 



CD 8 8 

oo o> o> 


CO I CO I CO 1 00 


<D<DOD<DCO<D<D<D<D<Op<pinintO<D<D<D<D<D<D 

tt C ^;SSSSSSSSSSSSSSSSSS353 

S w o 3 <b<b<b<b<b<b<b<b<Dd<odi^r^^<b<d<b<p<D<D 


O .2> > 



§ <DOOCV4<DinOJCpOp**-^OpCM’»-^t«r-^l‘IOm 
poqpcoppoOGqcoc&ppcooqcocqinin 
▼“Cy^—^-pOT-T-T-T-OO-T— o^doo 



t— g>’»— t— o>o>o>o> 
<DP<0<D0000 
€00)0000)0)0)0) 
th<DlOlO<P<D<b<D 
inioioininininin 
cocococococococo 


OD<P<D<P<D<D 

5 3 3 S S S 

<D<D<D<D<D<D 


WOO(p^<Di“<OOOWt 

g cfottcocooi 
cqco^cocopcqocq 

d o> d ▼- cvi T-d 


£££££££££z:£££&££!S£££££££££££&i:i:£ 

§§$z$2®5?8^8‘5?o??88Sr5?S)5r^5?§B88 0 ^^88‘^'S?5’ 0 ^ 

d<D<D<Dd^ddp<bdd^ddioiriu)u>iriu>triiri<Diricoinni^<o<b<b 

g5555559^559555555g55555555«9555 


o<Mm«r^Tj-r>-inopCNJwcNJ»ocoT-Tj-h-iococyiO) 

0 55^§5feSSSfeiS^I^SS5fel§3 

25 * g ^ ^ 

< ^ 



N lO ffi CM Q) 

g CNJ £ & 

in in in in in 



8S8£2S3 885£8|8 5i££8 8 85i£8tS££!et3;:!28£ 

NSNiniAmNNOIAMNOIOONCliMOONONiniOKOMniONO 

oiaoaiffinffioiooiaffiffidoioaiaQAipoioioiQvoioidoioioi 

95555^55555555555555555555555555 


aaMIO^N^NNIOi-NNOlMi-OT- 

§§8888888835885585 

r^t^<ou><D<D<dioioio^c>io^2i^5^ 

88s888888888888ss8 


% U 

S X 


c\j s 0 

333 

co cvi c\i 

8 88 


<DN(DNr*CMr-^ 

inoinooinoo 

cvicvicvicNi^pT-d 

88888 § 8 o 


Og)0000^0)0^^0)0)D®0^0)0)Tf^TfO)^^0)^0)^0)TfO) 

iStittSj^^idr^rrdbddrdddrCMrrrrrdrO 


NO)Q)CMCMCMN|nNNNt-Oi|QMinU)CO$$(pCOffiCO(OCOCOU)QQ$ffi$ 
5 B 8 s S0 )co)©O)QWWww5J5553Nnnnc 683)9)O)5 
cooocDcocococopcococo^^-^oSoS^^:— 

2 ‘cdcdcdcd©NNNNNp<d8Wiri»ooootfjtfj^5^^cocococr)co(0 
OOOOOOOpppOOOpOOOOOODCOpOOOOOOOOOOO 
OOOOCDODOOCOOOOOCOCOOD 00 00 CD 00 QO 00 00 00 00 00 00 00 00 00 00 00 00 


PJ CJ W W CJ w ^ T y v) u) T ^ ^ T ^ v 

§ # 1 ^ n! p <d <o 10 in looooio i ri ^ 5 

__ Q p p p p o 5 |p plpip o 00 co co 0 p|o p 


in^t^t^t^rcocococococo 

00000000000 

0000000000000000000000 


C 0 (*)(D(DttlCO<p(pO)O) 0 )O)( 0 (Dq) 0 )q)(D 0 )CMCM(DCM(p 0 )pp)p 0 ) 

S rfc0(0<D<04^5?^^^^u5i?)lhlOIOlO»O<0(D(D<D<0<D<0<0<0<D 




£ £ £ £ 
00 00 1 00 1 00 


CVJ<NC\jpO>O)O)O)O)O>C 0 C 0 r^l^r^ 00 l^r-h-<Dh-<D<D<D<D<D<D 

COCOCOCMrr*T*rrri-rri-T“rr^^^r^r^r^r- 

oooooooooooooooooooooooooooooooooooooooooooooooo 


o 

||X © o. 
a. 


coooc5cjnr^h~r^tMtMe\ji^cvi«>CM<o<p 

isj rri /ri <r> rri iri irl in iri in in W W m W rrJ rrl 


r^<b<b<D<Diriiriininin 

S oooooooooooooooooo 
ScaaSSSooSaiflo 


rrrr(D(Or(D<DNNMOlO 

U)U)U)IOtf)W<D< 0 <Oi-i-i-NN 

M M M M A ft Al Al I M M M #«% 


C\iC\ioi’r-^CDCDCQd 
00 00 00 00 1 00 



coeoi-u)CMinw<o0Naooi-O)CMU)<o©coNn 

r^incoc><oina 5 pdSino>o<oinco©coin*f-pcvi 

^NNSaScoSo^O^OOOOm-^CM^j 

’r-^^^^^WT^^T^^-cJcNicvicvioicvicvi’f-cvi^ 



U) W <£> CO N 00 

in co © ^ in 

co co ^ ej cvj 

cvi cvi cvi cvi 'f- 


Appendix C Page 7 of MSFC Data on Second 11-Inch Motor Firing Final Report NAS8-39944 









































































































































































































































































































































































MSFC DATA ON SECOND 1 1 -INCH MOTOR FIRING 





O O O O 


u> in 10 in u> in m in in 10 



£ 52 SJ SI 

O <0 O ° ° 

co in <p co co 

id *75 in in 




lSliiiliPPPPPPPPI****iSSSiSSiSiSi8 

= t iiiiiiiiiiiiiiiiiiiiiiiif ii it If i 
sifilifif iiif if iiilf iifiif If If § |$ li 




888BIMmMM*BSSSXSX88§3SS8S8§8 


SIS8S81IS SlSISIslf isisisisisis 



g§gfc|§|^P§|§fc||| § 8|||f|f|||||| 

m888888BM«8$*WM8*M8*8ltf88 
3888*1811138*88 


ui id to in id id iri id id in in in id 


SSSE5 

IO IO IO ui 


£J 5 £ ® 8 

o> o> o> o 

ID ID ID CD 



?|||gg?gg|gggg|gggig|g — * -• -• - - -• 


N (D N 

555 


“f CO . 
go oo 0 co 





888888888888 

oooooooooooo 


1 


8I1888S8888 


N S s <D (D <D 

888888 


CO ID CO (0 ID ID 

$ oo oo go co co 
o o o o o o 



l§|5S||5|5§|5||||||||PS||§|p|| 

ilMiiiHppisisiiiiiisliiiiili 


I^MI|S8MSIB8I888S88888SSS8S8S 

lOioiojj^tjjeo^jcjeopi^eoeoevievicacvicNicvi^^^T-'xJooooo 

oooooooooooooooooocooooo5£ooSSoo55SS£555S5£555 



®iiI 8 |8*®S88888852852S252®”®fcfc8Kq 

0 <o<p < q'r-<o^».|S; T . T .^ :T . N; J5J3|^y rS; e\ii^evir>cMcvlwScvj 

S55S?2??S?bPPPPt*t , ‘h®f'®®®©®©ujioioiri 

“S&fc&SS&Sfc&fe&feSfesgfeSEoSsllsggR 


S8S88 

LD CO <0 CD ,vi 


85888 

I s - 00 00 00 


CO CO N 
© OS ID 

o> cvi °? 





ocoin^owKco 

rrrriWriwSl 

COCOCO^COt-OOCO 

























































































































































































































































































































































































MSFC DATA ON SECG 1 1-INCH MOTOR FIRING 



CO T5 05 O 



(P(D(DCo5q§S(Do5o55S(dS§(D 

pcocqpcqo>qcqcqoSSo>ppai>cc 5 coa>co 

rvi I ^ (OOCOCOOCOCOCXOCOOOrtCOOCJOO 
] V— T“T“-r-T— ‘T—T-'T-'T— T— -T— •t—'T— T-*^— 


<D(p(D S tf><D(D(D(0(0(D(D$(0$10(0<0 

tt c ?bSSScoSSSSSSSS^SSSSS 

2 ^0 3<0<6(D^(D(D(D(Dcb(D(D(b(D(0(DN<b(D 

s g:||?9??9S??5??SfSS?S?9 

QB>0'r-y-v-'r-T-T-v-y-y-y-'r-T-y-T-T-T-"-v- 



S$!8 83S2g 288 

OnU)l 0 (DC 0 (Di- 00 (D (0 

ododoioiNcocooooi 



CNJO>T-f-’*- 
10 ^ o o o 

CO <D q <0 <D 

O) O) & <J) & 



(OiniOT-ffiC^CMSCM(PO)(P$(pCMCO< 000<0 
riiriiricoiD^cocd^^iri^^^^iriiriiriiri 


NinmcMOJCviincoNTfsioco 
cd cm h- o> cv cm g> cm ^ h- 95 

Ot-t-t-t-CJ^CNJCNICOCOWCO 


5ocoS5(o5SS5(o 

coqcqoooooooooocoooco 

tricoiriiriiriiriiriiritniriiri 

iou)u)u)u)inu)iotou5u) 

cococococococococococo 


<O<O<OOOOO<O<DCP<D 

<S<53pq33q3 

<0 <0 <0 <0 <0 <0 <0 <0 <0 


T--f-<OCM0pO)<D<O<OCM 
otoopoijnTr^in 

<qcqq p © co cq cq co co 

oirWr-'ooiodooj 

5 g § 8 5 8 s 5 g ® 5 ? 

iritri^mr^iricqcococoiri 


<0 <0 <0 <0 <0 <0 


<OI< 0 I<OI<OI<OI<O 




NNNwqwswiosqKKwooiO^wio 

ppmppo>ppr^io<di^<dpp<d<d<or^Qpcc>oiQpop 


§ <M IO CO <*- T* 

W N N O W 

. ^ <b K °P *> 

<d <0 <0 <0 <0 


NCSli-^t-C0<D<OO)T- 
CM<pO<0CM<0<0<0f— CM 
OjjW^NONNCVJiOO 

3S38&SRSS2S8S8 

*3*3*3*333 



jp?ppcocoti-co<oa>o) 

NNNNNNNNNNNNN 

oinoininininooininoin 


00 co 

o o 

si” 


o in 0 in 

3 3 3 3 

0000 


mioooiniooininin 

SSS8S8S888 

0000000000 


T- O) <0 
CO I s - h- 

o in m 
cvi cm co 
co co co 
000 


O) 'i- o> <0 
1 ^ co h- cp 
in o in in 


S <o pp <0 

cp as cp 
o in o in 

0000 


CMCMCMOOOOO 

OOOOOOOOOOOOCOCO 

OOOOOOOO 



rddpiSoiddddrddodr drd 

K. K. K. m ^ /ft K. K. K. K. K. K. K. K. K. K. k. 


3333F 


SSSNSSNSSSSSS 


rrdddr'djfid 





^O)O>O)O)rrr^tC0ttnnS 

w^^^!t<o<o<or^is.?iN.i^^F'tfco 

<0<0<0<00^^--i-<0<00)<0<0 ( p < pT- 


g|8S888333333338£882s££f!!SiS!£Sjfc£2f5£ 

N'¥cs!O)O>qSN^WCMCMCy|CMwN??NWO)O)O)NO)^c!ISo> < QO) < 0 

ddddgiddddddddgiddcddddNNNNNNNNdodo 

’f-i-i-OOOOOOOOOOOOOOOOOOOOOOOOOOCOOOO 
COOOOOOOCOCOCOCOCOCOCOCOCOOOOOOOCOOOCOCOCOCOCOCOCOOOOOCOOO CO 


NCMCMNCMCMNN^i-<0<0<0<P<OT*t-i-i-T-i-<0<0<0<0<0(D<ONNSN 

csicocococococpcp^^^^^^^-ininininininininr^N.inr^N-Kr^r^h- 

NsNNNNCyJCMNNCMCMWCMCMNNSNNNCMCVJ^^CNJ^^^QQQ 

SP?????^WOCOCOricoricyiWWWWWWCNiNNWNNNNSN 
SSNNNNNNNNNSNNNNNNSNNNNOOCONCOOOCOCOCOCO 
COOOCOCOOOOOCOCOCOCOOOOOCOCOOOOOCOQOCOCOCOCOCO co 


cpcooQ>c?g><ocMcog>cp'M''i-T-Tfi- 

ISl22l235l2g£3SJ5!S 

iri^udihihihinihihin^^^^^^ 

p>p>p)p>0>p>0>0>p0>0>00>05u>0> 

N N I s - I s * I s * r-* I s ** 1 s * r^» N N N N N S N 




<ocoh-cpcO'i-incMinco<qcp 

§ 2 3 3 2 2 2 2 2 2 8 1 


CO CO CO h- CO N- CO CO CO CO CO CO CO h“ 



CO h- cp CO *»- O CM 
05 in 05 O CO U) 00 

ri°!ri9R99 

1 - co 1 - ^ ^ ^ 


Appendix C Page 9 of MSFC Data on Second 1 1 -Inch Motor Firing Final Report NAS8-39944 
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MSFC DATA ON SECO. . 1 1-INCH MOTOR FIRING 
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